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Alterations of river flow regimes in the Northern Rocky Mountains, USA 
 
Dr. Johnnie Moore, Chair 
 
I studied discharge data from stream gauges located in natural and anthropogenically-
modified river basins of the Northern Rocky Mountains over 59 years. I applied linear 
and non-linear models to the data to determine what, if any, alterations have occurred in 
the annual flow regimes. By comparing the different results from the natural and 
anthropogenically-modified river basins, I was able to distinguish the impacts that 
climate change and anthropogenic modifications have had on flow regimes in the 
Northern Rocky Mountains over the period of record. I found that regional climate 
change has not significantly altered the natural flow regimes. However, I did find an 
underlying cyclical pattern in the total amount of annual discharge in both the natural and 
anthropogenically-modified river basins, suggesting a strong link between the quantity of 
runoff and a hydroclimatologic cycle. Conversely, direct basin anthropogenic 
modifications such as damming, irrigation, and urbanization have caused a decrease in 
the difference between the minimum and maximum annual discharges, a decrease in the 
daily variations of flows, and have changed the timing of flows to both earlier and later in 
the year across the Northern Rocky Mountains. In general, direct anthropogenic 
modifications of the river basins have altered the flow regimes to a much greater extent 
than climate change.  More specifically, I found that extensive irrigation development 
over the last century in the region has severely altered the size of the annual extreme 
flows, often creating a more homogenous annual range of flows. The analysis of annual 
hydrographs from pre and post major irrigation development reveals that the timing and 
duration of flows has also been severely impacted. Specifically, the duration of the flood 
hydrograph has been extended to encompass the majority of the water year, with the 
number of days between the timing of the 25
th
 and 75
th
 quartiles of flow expanding by as 
much as 100 days in some basins. In addition, the variability of intra-annual flows has 
declined, contributing to a more homogenous annual hydrograph.  
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Chapter 1:   
The relative impact of anthropogenic modifications versus 
climate change on the natural flow regimes of rivers in the 
Northern Rocky Mountains, USA 
 
1. Introduction  
Future population growth, economic development, and climate change will intensify 
water demand and increase tension over resources and ecosystem management (Pearce, 
2006; Hoekstra and Chapagain, 2008; Gleick et al., 2009). Further scientific information 
is needed to help improve water management decisions about factors that affect the 
natural flow regime of rivers (Poff et al., 2003). This is especially true in the mountainous 
regions of the world that contribute twice as much discharge to the terrestrial hydrological 
cycle than do lowlands of comparable geographic area (Viviroli et al., 2007). Regional 
climate is the dominant factor influencing the amount of water and annual flows in 
natural river basins. We define a natural flow regime as the flow regime that occurs in 
basins with little to no direct human interference or modifications. These basins are 
subject to influence from climate change, an indirect anthropogenic modification.  
 
In the Northern Rocky Mountains the winter mountain snowpack is the major source of 
water contribution to lowland river systems (Serreze et al., 1999). The natural flow 
regime of snowmelt dominated river basins follows a distinct pattern: winter 
accumulation of water stored as snow or ice, spring and early summer snowmelt inducing 
high flood flows, and baseflow conditions beginning in late summer and often lasting 
through winter. Water managers in these snowmelt dominated systems rely on the 
underlying predictable natural flow regime and winter snowpack properties for allocating 
the yearly water supply, and predicting the general timing of floods and water scarcity. 
 
Variations or shifts in the local and regional climate can exert change on the natural flow 
regimes of rivers (Cayan and Webb, 1992; McCabe and Dettinger, 2002). Current and 
future changes in the climate regime greater than past variability could alter the natural 
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flow regimes beyond previously recorded conditions (Dettinger and Cayan, 1995; Nijssen 
et al., 2001; Barnett et al., 2005). Findings by Aguago et al. (1992) have related 
streamflow timing to regional climate, and Dettinger and Cayan (1995) and Stewart et al. 
(2005) have reported finding shifts in the timing of spring runoff over the past 50 years 
due to changes in the climate regime. Others have reported shifts in snowmelt discharge 
throughout the western United States as a result of recent changes in the regional climate 
regime (Pagano and Garen, 2005; Hamlet and Lettenmaier, 2007).   
 
Another process that can alter natural flow regimes is direct anthropogenic modifications 
of river basins by dams (Power et al., 1996; Graf, 1999; Magilligan and Nislow, 2005), 
irrigation (Allan, 2004; Poff et al., 2006), and urbanization (Konrad and Booth, 2002; 
Walsh et al., 2005). These direct modifications of river basins have been found to alter a 
wide range of natural flow regime characteristics, such as the timing of flows, extreme 
flows, and the quantity of flows. We recognize the importance of both logging and 
wildfires in the alteration of natural flow regimes, however, due to the limited and 
inconsistent data pertaining to both of these basin modifiers they are not considered in 
this analysis.  
 
Despite the many studies that have analyzed the impacts of climate change or 
anthropogenic modifications on flow regimes, very few have considered the two 
modifiers together in the same study, and none that we are aware of in the Northern 
Rocky Mountains. As a result we do not have a clear understanding of which of these 
have greater relative impacts on the alteration of natural flow regimes in the area, nor 
how those alterations are manifested in the annual flow regime. Additionally, the 
majority of climate change research in regards to stream flow has focused on alterations 
in the timing of flows. There is a lack of studies that have analyzed the quantity of flow, 
the variability of flow, and the extreme flow characteristics of the annual hydrographs, all 
of which are important to healthy river ecosystem function (Aguado et al., 1992; Kalra et 
al., 2008; Luce and Holden, 2009).  
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Therefore, in this study, we seek to understand: 1) How natural flow regimes compare to 
the flow regimes of anthropogenically-modified rivers in the Northern Rocky Mountains, 
and 2) Whether the greatest alterations in flow regimes are related to changes in regional 
climate or anthropogenic modifications. To determine this we found 10 large river basins 
in the Northern Rocky Mountains with gauged natural and anthropogenically-modified 
sub-basins that have at least 50 years of discharge data. This resulted in a total of 17 
anthropogenically-modified gauges and 17 natural gauges representing 34 sub-basins, all 
with 59 years of continuous data. We collected background information concerning the 
types of anthropogenic modifications, if present, occurring in each sub-basin. The 
hydrographs from these gauges for the last 59 years were analyzed for 12 different flow 
metrics representing four major flow regime characteristics: quantity of flow; timing of 
flow; variability of flow; and extremes of flow. Linear and non-linear modeling analyses 
were performed on each flow metric time series. For each basin a natural control was 
established. This normalized hydrograph was subtracted from the modified hydrograph to 
determine how the natural flow regimes compare to the modified flow regimes in the 
Northern Rocky Mountains. 
2. Methods 
2.1 Study Area 
We examined relative differences in flow regimes from 34 stream gauges in the Northern 
Rocky Mountains, USA (Table 1). The north-south boundaries of the study area are the 
Canadian political border and the Snake River Plain in southern Idaho; the east-west 
borders are the topographic edge of the Rocky Mountains (Figure 1). The Northern 
Rocky Mountains range in elevation from approximately 210 m to 3900 m. The 
hydroclimatologic regime of the area is snowmelt dominated, with only a small 
percentage of water originating as rainfall each year. The Northern Rocky Mountain 
region was selected because it contains both natural river basins and basins heavily 
impacted by direct anthropogenic modifications, and it is the source to three great North 
American rivers, the Columbia, Missouri, and Saskatchewan.  
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Table 1. Sub-basin and USGS gauge station inventory 
Natural (1) or 
Modified (2) 
Sub-basin ID Station # Longitude Latitude 
Drainage 
Area (km
2
) 
Gauge 
Elevation 
(m) 
Montana  Beaverhead     
2 1 06018500 -112.45 45.38 9373.2 1466 
1 2 06019500 -112.14 45.19 1393.4 1646 
2 3 06025500 -112.70 45.53 6412.8 1534 
  Madison     
1 4 06037500 -111.07 44.66 1087.8 2027 
2 5 06038500 -111.34 44.87 2344.0 1965 
2 6 06041000 -111.63 45.49 5661.7 1429 
  Clark Fork     
1 7 12332000 -113.50 46.19 318.6 1659 
1 8 12330000 -113.23 46.47 184.7 1448 
1 9 12335500 -112.77 46.78 300.4 1414 
2 10 12354500 -115.09 47.30 27736.3 792 
  Flathead     
1 11 12355500 -114.13 48.50 4009.3 959 
2 12 12363000 -114.18 48.36 11561.8 907 
2 13 12362500 -114.04 48.36 4307.2 927 
1 14 12370000 -113.98 48.02 1737.9 933 
2 15 12372000 -114.25 47.68 18378.6 821 
Idaho  Kootenai     
2 16 12305000 -116.05 48.62 -256.4 546 
1 17 12321500 -116.57 49.00 251.2 539 
  Coeur D'Alene     
1 18 12411000 -115.98 47.71 867.7 757 
1 19 12414500 -116.19 47.27 2667.7 662 
2 20 12419000 -116.98 47.70 9945.6 625 
  Boise     
1 21 13185000 -115.73 43.66 2149.7 992 
2 22 13190500 -115.48 43.34 2543.4 1167 
1 23 13186000 -115.31 43.49 1644.7 1286 
2 24 13202000 -116.06 43.52 6941.2 862 
  Payette     
2 25 13236500 -115.64 44.29 290.1 1579 
1 26 13235000 -115.62 44.09 1181.0 1155 
2 27 13247500 -116.20 43.94 5775.7 800 
1 28 13240000 -116.00 44.91 126.7 1567 
  Salmon     
2 29 13302500 -113.89 45.18 9738.4 1192 
1 30 13313000 -115.50 44.96 551.7 1419 
2 31 13317000 -116.32 45.75 35094.5 430 
  Clearwater     
1 32 13336500 -115.51 46.09 4946.9 469 
1 33 13337000 -115.59 46.15 3056.2 443 
2 34 13342500 -116.83 46.45 24786.3 235 
2.2 Data acquisition 
Stream discharge data was acquired from the United States Geologic Survey (USGS) 
stream gauge network (http://nwis.waterdata.usgs.gov/nwis). All gauges in the Northern 
Rocky Mountains that have a continuous period of record from at least 1950 through 
2008 were selected. From these the final river basin selection was determined by which 
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basins have both natural and anthropogenically-modified gauged sub-basins. The selected 
time period covers the majority of reported climate change due to anthropogenic 
influences (IPCC, 2007). The final selection contains 10 basins with both 
anthropogenically-modified and natural sub-basins, resulting in a total of 17 gauged 
natural sub-basins and 17 gauged anthropogenically-modified sub-basins (Table 1). The 
stream discharge data were run through a series of Matlab R2008a and R (R 
Development Core Team, 2009) software scripts to clean, organize, plot, and analyze the 
annual flow regimes. The final datasets consisted of the gauge identification number Sub-
basinID, 1-34), water year, Julian water day, and discharge. 
 
Figure 1. Map of the Northern Rocky Mountain Region. Black circles correspond to the 34 USGS gauges 
located within each of the 34 sub-basins analyzed in this study, the numbers represent the Sub-basin IDs 
shown in Table 1.  
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2.3 Anthropogenic Disturbance Analysis 
A relative anthropogenic disturbance scheme was created for all anthropogenically-
modified sub-basins, normalized to the sub-basin with the most upstream modifications 
(Table 2). Because the degree of anthropogenic modifications upstream of a gauge is not 
necessarily equal between sub-basins, it stands to reason that the impact on the flow 
regimes will not be equal. Thus, the anthropogenic disturbance scheme is used to 
estimate the relative disturbance of the three analyzed categories: damming, irrigation, 
and urbanization. 
Table 2. Anthropogenic disturbance scheme 
Sub-basin 
ID 
Basin 
Name 
% 
Irrigated 
Area 
Damming Urbanization 
Total # 
Dams 
% 
Reservoir 
Coverage 
Storage 
Ratio 
Mean 
Population 
Density 
% 
Urban 
Area 
Urban 
Population 
Density 
1 Beaverhead *** ** * - * * *** 
3 Beaverhead *** - - - * - - 
5 Madison - * ** * * - - 
6 Madison ** ** ** * * - - 
10 Clark Fork ** *** * ** *** ** ** 
12 Flathead * ** * ** * * ** 
13 Flathead * * ** ** * - - 
15 Flathead * *** ** * *** ** ** 
16 Kootenai * ** * ** * * ** 
20 
Coeur 
D'Alene 
- *** *** * *** *** ** 
22 Boise * * * * * - - 
24 Boise * ** * ** ** ** *** 
25 Payette - * ** ** - - - 
27 Payette ** *** ** - ** - - 
29 Salmon ** *** - - * * ** 
31 Salmon ** - - - * - - 
34 Clearwater - * * ** * * * 
*** heavy disturbance  
** medium 
disturbance * low disturbance - no disturbance 
 
Our first disturbance category identifies the extent of damming in each basin (Magilligan 
and Nislow, 2005; Poff et al., 2007) by determining the number of dams, the percent area 
of the watershed upstream of a gauge inundated by reservoirs, and by the storage ratio 
(usable capacity of reservoir/average annual runoff). Acquiring dam information was 
limited to the Army Corp of Engineers National Inventory of Dam (NID) database and 
some additional information from the Idaho Department of Water Resources and the 
USGS.  
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The irrigation disturbance category was estimated from the total irrigated acreage from 
surface water withdrawals above the gauge (Huo et al., 2008). Irrigation acreage data for 
basins in Montana was acquired from a 2000 report published by the USGS for the state 
of Montana by county and hydrologic units (Cannon and Johnson, 2004). Surface water 
irrigation acreage for the state of Idaho was acquired from the USGS Idaho Water 
Science Center and Idaho Department of Water Resource.  
 
The third disturbance category is population density and urbanization. We use the 
definition presented by the U.S. Census Bureau, which defines urban as “an area 
comprising all territory, population, and housing units in an urbanized area (a place with 
at least 50,000 people, or suburban fringe with at least 600 people per square mile) and in 
places of 2,500 or more persons outside urbanized areas”. Paul and Meyer (2001) used 
this criterion to review and analyze the impact of urbanization on flow regimes and 
ecology in river systems. Urban area and population estimates were obtained from the 
2000 United States Census Bureau (USCB).  
 
2.4 Flow Regime Analysis 
The flow regimes for each sub-basin were analyzed based on metrics that quantify 
different characteristics of the natural flow regime defined by Poff et al. (1997) (Table 3). 
MatLab R2008a software was used to calculate the 12 different flow metrics, which 
resulted in a single value for each water year. All of the annual discharge flow metric 
values are normalized to the average value over the total period of record. By 
normalizing the discharge values we are able to compare values across the region despite 
differing sizes of river basins. To account for the short period of record we used an 
“analogue” method, which uses space as a surrogate for time. In this case, different sub-
basins are used to represent natural versus anthropogenically-modified systems because 
the period of record is too short to account for a natural and anthropogenically-modified 
period within a single basin. Two drawbacks of this method are that there is no perfect 
‘experimental control’, and similar basins can have varying natural flow regimes. 
However, results from a study conducted by Peterson et al. (2000), showed that there is a 
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synchronized flow regime signal in snowmelt runoff in the western United States, and 
preliminary analysis of hydrographs from natural basins in the Northern Rocky 
Mountains corroborate Peterson et al.’s (2000) results. This suggests that an assumption 
of similar overall hydrological flow regimes for the region is reasonable.  
Table 3. Flow regime metrics 
Flow Regime Metric 
Flow Regime 
Characteristic 
Definition References 
CumQ Quantity of flow 
Normalized total yearly 
discharge  
(CumQ(yr) / CumQ(avg)) *100 
General metric of change 
 Q25
th
q, Q50
th
q, 
Q75
th
q 
Quantity of flow 
Normalized cumulative 
discharge for the 25
th
, 50
th
, and 
75
th
 quartiles of flow  
(_qQ(yr) /  _qQ(avg)) *100 
Moore et al. (2007); 
Rauscher et al. (2008) 
Day 25
th
q, Day 50
th
q, 
Day 75
th
q 
Timing of flow 
Day that the 25
th
, 50
th
, and 75
th
 
quartile of flow passes the 
stream gauge 
Moore et al. (2007); 
Rauscher et al. (2008) 
Day MaxQ Timing of flow 
Julian water day when the 
annual maximum daily 
discharge occurs 
Poff et al. (2006) 
MaxQ Extreme Flow 
Normalized annual maximum 
daily discharge (MaxQ(yr) / 
MaxQ(avg)) * 100 
Poff et al. (2006) 
MinQ Extreme Flow 
Normalized annual minimum 
daily discharge (MinQ(yr) / 
MinQ(avg)) * 100 
Poff et al. (2006) 
AMJJ Variability of flow 
Percent of total yearly discharge 
flowing past the gauge between 
the months of April and July 
Stewart et al. (2005); 
Carson (2007) 
CV Variability of flow 
Annual coefficient of variation in 
daily discharge  
(standard deviation of Q* / 
mean Q) 
Poff et al. (2006) 
*Q - stream discharge  
2.5 Statistical Methods 
Linear Regression Analysis 
Linear regression analysis of hydrologic and climate data has been used extensively to 
determine monotonic trends over time (Stewart et al., 2004, 2005; Milliman et al., 2008; 
Smoliak et al., In press). We used a similar linear model method as an approximation of 
increases and decreases in the flow metric values over the period of record. The results 
from this analysis provide us with information regarding the direction of change, if 
present, in the flow regime metrics over the 59 year period. A linear trend significantly 
different from zero suggests that the annual flow metric values have increased or 
decreased over the 59 years. 
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The best-fit values for the model were evaluated using a least squares regression method 
that estimates Bo and B1 so that the sum of the squares of the differences between the 
observations y and the straight line is a minimum. 
 
y = Bo + B1x1 + . (1) 
 
Where y is one of the flow regime metrics, x1 is the water year, B1 is the slope of the trend 
and ε is an error term. To test the significance of the slope B1 where the hypothesis is H0: 
B1 = 0 and H1: B1≠ 0, a t-test was used with  
 
t1 = B1-0  (2) 
       SE(B1) 
 
following a t-distribution with n-2 degrees of freedom. When doing multiple statistical 
tests, the probability of incorrectly detecting a significant result for at least one test 
increases with the number of tests being conducted. To account for this we used the 
Bonferroni method (Bonferroni, 1936) to adjust the original p-values. This method 
calculates the new p-value by multiplying the original value by the total number of tests. 
The new adjusted p-values are then compared to an α of 0.05, and any adjusted p-values 
≤ 0.05 are considered to have significant trends. Bonferroni adjustments are known to be 
conservative, but provide strong control of the overall error rate for each set of tests. By 
using the Bonferroni adjustment we have more confidence in our detected results than if 
we had based our analysis on the initial unadjusted results. We performed the adjustment 
for the total number of trend tests considered within each metric. 
 
To determine if the variability of the flow regime metrics has changed over time a 
technique was used to determine whether the variance is non-constant. To resolve this, 
the squared residuals of each metric were calculated and plotted against time. The same 
linear regression model method was then used to fit the time series of the squared 
residuals to determine if there is a trend. If the trend is significantly different from zero 
then the variance is non-constant, and would indicate that not only have there been 
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changes in the metric values themselves but would suggest a violation of the constant 
variance assumption of the trend test considered above. 
Generalized Additive Model 
It has been found that linear regression analysis does not necessarily represent the full 
scope of patterns and trends in hydrological data (Puckridge et al., 1998). Because linear 
regression models may not relate important information in the climate and hydrological 
time series data, we also use a non-linear modeling tool that relaxes the linearity 
assumption to provide added information about the nature of the time series patterns. The 
approach used here is a Generalized Additive Model (GAM) method that can be 
implemented without prior knowledge of the form and type of non-linearity. This method 
can be used in any situation where a linear model is used. The models are based on cubic 
regression splines, with our models initiated with estimated degrees of freedom (edf) 
equal to the number of observations, 59. The gam function in R uses Generalized Cross 
Validation (GCV) to select the optimal amount of smoothing for the estimating 
nonparametric relationship between the dependent (flow metric) and independent (time) 
variables (Wood, 2006). The GCV criterion is defined as 
 
 GCV = nD/(n-edf)
2
 (3) 
 
where n is the number of observations in the dataset, D is the deviance of the dataset, and 
edf are the estimated degrees of freedom of the model. The best-fit model is not 
necessarily linear, although it could be, but can also be some type of step-change or 
complex cyclical pattern similar to a higher polynomial form. The statistical model in the 
GAM setting is now y = Bo + s(x1)+ , where s(x1) indicates a smooth function of x1 with 
the amount of smoothing selected to minimize (3) above, given the initial choice of knots. 
The results from this analysis were also tested for significance using an approximate F-
test with edf+1 numerator degrees of freedom and n-edf-1 denominator degrees of 
freedom (Wood, 2006), with p-values adjusted using the same Bonferroni adjustment 
discussed above. These tests assess evidence for the nonlinear trend as compared to the 
null hypothesis of no trend (linear or nonlinear) in the data set. 
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The relevant model information in regard to the form of the best-fit model are the 
estimated degrees of freedom and the plot of the estimated curve. Based on the 
Figure 2. Example time series with representative significant non-linear GAM models. The larger 
degrees of freedom values indicate more complex non-linear model best fits. The non-linearity can 
take either the form of a step-change as shown by the model with an estimated degrees of freedom 
(edf) of 5.0 or a cyclical form as shown by the model with an estimated degrees of freedom value 
of 9.0. 
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parameterization of the smoothing terms, an estimated degree of freedom value of 1.5 
means that the best fit model is linear. As the edf value increases the more non-linear and 
complex the estimated trend becomes (Figure 2). However, the GAM results only provide 
information on the degree of complexity of the best fit model, they do not quantify how 
much, if any, monotonic increase or decrease there has been in the flow metric time 
series data. Thus, we use linear regression models to provide information about the 
monotonic change in the flow metric time series, whereas we use the GAM analysis to 
provide information about the complexity, step-changes and cyclical patterns, of the flow 
metric time series. 
We interpret the combined results of the GAM and linear regression models such that a 
flow metric time series that does not have a significant linear trend but does have a 
significant non-linear pattern means there is no monotonic change, however, there is a 
cyclical pattern in the flow metric time series. The complexity of the cyclical pattern is 
then determined by the value of the estimated degrees of freedom (Figure 2). A time 
series that has only a significant linear trend means there is only a monotonic increase or 
decrease in the flow metric values over the 59 years. However, this does not exclude the 
possibility of a change in the variability around the monotonic trend as long as the change 
is similar in both the positive and negative direction, nor does this mean that there is not 
large variability around that trend (Moore et al., 2007). A flow metric time series that has 
both a significant linear trend and a significant non-linear pattern means there is a 
monotonic increase or decrease overlaying a more complex form, either an abrupt step-
change or a cyclical type pattern (Figure 2).  
2.5 Subtraction Analysis 
A time series “subtraction” analysis is used to obtain an estimate of the direct 
anthropogenic impact on flow regimes without the hydroclimate influence. This analysis 
is based on the premise that effects are additive, such that for every sub-basin the flow 
metric time series is a combination of the natural hydroclimatologic signal, specific basin 
natural characteristics, and impacts from anthropogenic modifications, if present. For 
basins with at least two natural gauges, one natural time series was first subtracted from 
the other to determine a “natural residual” time series. If the natural residual time series is 
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composed of values very small or close to zero, then we assume that the natural sub-basin 
characteristics and hydroclimate influences are similar throughout the basin. Under this 
assumption we use the natural flow metric time series as baselines or control conditions 
for each basin. Each of the natural time series is then subtracted from the 
anthropogenically-modified time series in the same basin, and the resulting residual time 
series describes the magnitude and type of change associated with the anthropogenic 
modifications in the sub-basin minus the hydroclimatologic influence.  
 3. Results 
Anthropogenic Disturbance 
The most modified sub-basins are located in the Coeur D’Alene, Clark Fork, Flathead, 
Boise, Salmon River, and Kootenai River basins (Table 2). Each of the most heavily 
disturbed sub-basins contain all three types of anthropogenic modifications. Of the 
remaining basins, the Beaverhead River basin is mostly modified by surface water 
irrigation, some damming, and very little urbanization. The Madison River basin has one 
sub-basin with moderate irrigated area, damming, and no urban area. The Payette River 
basin has one sub-basin with moderate irrigation, few dams, and no urbanization, and a 
second sub-basin with no irrigation, large number of dams, and no urbanization. The 
Clearwater River sub-basin has no irrigated area, few dams, and a small percentage of 
urbanized area. 
Linear Trends 
The majority of significant linear trends for all flow metric categories are from 
anthropogenically-modified sub-basins. Most significant trends are in the extreme flow 
metrics, and all but one are from anthropogenically-modified sub-basins (Table 4, and 
Figure 3). The quantity of flow metrics have no significant linear trends. The timing of 
flow metrics have very few significant linear trends; all but two are from 
anthropogenically-modified sub-basins. The slopes of the trends for the two natural time 
series are smaller than the slopes of the anthropogenically-modified time series (Table 4). 
The variability of flow metrics only have significant linear trends for anthropogenically-
 14
 
Table 4. Linear regression results  
Flow Metric Linear Regression Results               
Flow Metric 
Total # 
Significant 
Trends n = 34 
# of Modified 
Sub-basins 
 ( n = 17) with 
Significant 
Trends 
# of Natural Sub-
basins 
 (n = 17) with 
Significant 
Trends 
Range of 
Significant 
Slopes 
(modified) 
# of Trends 
Negative 
(modified) 
# of Trends 
Positive 
(modified) 
Range of 
Significant 
Slopes 
(natural) 
# of 
Trends 
Negative 
(natural) 
# of Trends 
Positive 
(natural) 
MinQ 10 9 1 0.63 : 6.49 0 10 1.21 0 1 
MaxQ 7 7 0 -2.12 : -0.81 13 0 0.00 0 0 
CV 6 6 0 -0.014 : 0.004 5 1 0.00 0 0 
Day 75q 2 2 0 -0.51 : 0.28 1 1 0.00 0 0 
Day 50q 2 1 1 -1.14 1 0 -0.22 1 0 
Day MaxQ 2 1 1 -0.29 1 0 -0.27 1 0 
AMJJ 2 2 0 -0.77 : -0.22 2 0 0.00 0 0 
Day 25q 2 2 0 -2.88 : 0.61 1 1 0.00 0 0 
Q 50q 0 0 0 0.00 0 0 0.00 0 0 
Q 75q 0 0 0 0.00 0 0 0.00 0 0 
Q 25q 0 0 0 0.00 0 0 0.00 0 0 
CumQ 0 0 0 0.00 0 0 0.00 0 0 
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modified sub-basins, all with negative slopes. The dominant direction of all flow metric 0 
significant trends is negative except for the minimum daily discharge, which mainly has 1 
positive trends.  2 
 3 
Time series of natural and anthropogenically-modified sub-basins show that, except for 4 
the quantity of flow metrics (Figure 4A), the range in year-to-year variability is much 5 
greater for anthropogenically-modified flow regimes than the natural. The 6 
anthropogenically-modified flow regimes have an increasing, or an overall higher, annual 7 
minimum daily discharge than the natural (Figure 4B), and a decreasing annual 8 
maximum daily discharge. In Figure 4B the abrupt increase in the minimum daily 9 
discharge corresponds to a change in dam management. The timing of flows is either 10 
much earlier or later than the natural as shown in Figure 4C where the timing of the 25
th
 11 
quartile of flow had an abrupt change to earlier in the year in 1973 upon completion of 12 
the Libby Dam. The flow regime intra-annual variability of anthropogenically-modified 13 
sub-basins is reduced as compared to natural flow regimes (Figure 4D). In the case of 14 
Figure 4D the abrupt drop in sub-basin 16 corresponds with the completion of Libby 15 
Dam. 16 
 17 
A linear regression analysis of the squared residuals from the estimated linear trend 18 
models is used to determine any trends over time in the year-to-year variability of the 19 
flow metrics. Overall, there are only three sub-basins out of the 34 that have significant 20 
trends, all of which are from anthropogenically-modified sub-basins (Table 5). Thus the 21 
only detected change in variability of the metrics was related to anthropogenically-22 
modifications and this was not prevalent in the locations. Overall anthropogenically-23 
modified sub-basins have exhibited the greatest linear alterations in flow regimes over the 24 
period of record. However, the river sub-basins with the greatest number of significant 25 
linear trends located in the Madison, Flathead, Kootenai, Boise, Payette, and Clearwater 26 
River basins (Figure 3), are not necessarily the most heavily disturbed sub-basins. For 27 
example, neither the Madison, Payette, nor the Clearwater River basins have sub-basins 28 
categorized as heavily disturbed. Whereas the Clark Fork, and Coeur D’Alene River 29 
 16
 
 30 
 31 
 32 
 33 
Figure 3. These two bar graphs show the number of significant linear trends and GAM models (the test of 34 
significance was adjusted using Bonfferoni’s method) for A) each individual flow metric, and B) for each 35 
individual sub-basin. Bars with vertical lines represent the natural sub-basins with significant trends. 36 
Thirty-four sub-basins, 17 natural and 17 modified, were used to test for significant trends and patterns for 37 
each flow metric. 38 
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Table 5. Squared residual linear regression results 39 
Residual Linear Regression Results               
Flow 
Metric 
Total # 
Significant 
Trends n = 
34 
# of Modified 
Sub-basins 
 (n = 17) with 
Significant 
Trends  
# of Natural 
Sub-basins 
 ( n= 17) with 
Significant 
Trends 
Range of 
Significant 
Slopes 
(modified) 
# of  
Trends 
Negative  
(modifie
d) 
 # of 
Trends 
Positive 
Trends 
(modified) 
Range of 
Significa
nt Slopes 
(natural) 
 # of 
Trends 
Negative 
(natural) 
 # of Trends 
Positive  
(natural) 
CV 1 1 0 0.0004 1 0 0.00 0 0 
MaxQ 1 1 0 -52.22 1 0 0.00 0 0 
MinQ 1 1 0 674.70 0 1 0.00 0 0 
Day 50q 0 0 0 0.00 0 0 0.00 0 0 
Day 25q 0 0 0 0.00 0 0 0.00 0 0 
Day 75q 0 0 0 0.00 0 0 0.00 0 0 
AMJJ 0 0 0 0.00 0 0 0.00 0 0 
Day MaxQ 0 0 0 0.00 0 0 0.00 0 0 
CumQ 0 0 0 0.00 0 0 0.00 0 0 
Q 25q 0 0 0 0.00 0 0 0.00 0 0 
Q 50q 0 0 0 0.00 0 0 0.00 0 0 
Q 75q 0 0 0 0.00 0 0 0.00 0 0 
 40 
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basins have sub-basins classified as heavily disturbed (Table 2), but have very few 41 
significant linear trends.  42 
Non-linear Patterns 43 
The majority of significant non-linear GAM models are found in flow metric time series 44 
from anthropogenically-modified sub-basins (Table 6 and Figure 3). The extreme flow 45 
metrics have the greatest number of significant non-linear patterns, all but three are from 46 
anthropogenically-modified sub-basins. The large edf values suggest that the majority of 47 
change in the extreme flows over the period of record has been more complex than a 48 
simple monotonic increase or decrease (Figure 4B). The quantity of flow metrics have the 49 
highest relative number of natural sub-basins with significant non-linear patterns. All of 50 
the sub-basins that do have significant non- linear patterns are located in the eastern part 51 
of the study area. The significant non-linear models have similar cyclical type patterns 52 
and ranges in values as shown in Figure 4A. The timing of flow metrics have a small 53 
number of significant models, all but one are from anthropogenically-modified sub-54 
basins. The range in possible days when specific flows occur is more variable in 55 
anthropogenically-modified sub-basins (Figure 4C). The significant non-linear models 56 
for the variability of flow time series are all from anthropogenically-modified sub-basins 57 
except for one. All of the significant time series for the variability of flow metrics have 58 
smaller annual flow metric values than the natural time series (Figure 4D). The 59 
alterations in the flow metric values over the period of record have occurred in either an 60 
abrupt step-change or cyclically irregular pattern; none have been altered in a simple 61 
monotonic fashion except for a single sub-basin for the maximum daily discharge flow 62 
metric.  63 
 64 
Some of the most anthropogenically-modified sub-basins in the Coeur D’Alene, Clark 65 
Fork, and Salmon River basins are not necessarily the sub-basins that exhibit the greatest 66 
change and alteration as reflected by the number of significant linear trends and non-67 
linear patterns (Table 2 and Figure 3). The seemingly less anthropogenically-modified 68 
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sub-basins in the Madison, Flathead, Payette, and Clearwater River basins exhibit the 69 
greatest change in flow regime characteristics over the period of record.   70 
 71 
Figure 4. Example flow metric time series, linear and GAM trend lines where gray = anthropogenically-72 
modified and black = natural for A) the normalized cumulative discharge of the 50
th
 quartile (% of mean), 73 
sub-basins are from the Beaverhead (2) and Madison (5) River basins, B) normalized annual minimum 74 
daily discharge (% of mean), sub-basins are from the Boise River basin, C) day of the 25
th
 quartile (Julian 75 
water day), sub-basins are from the Kootenai River basin, and D) the coefficient of variation, sub-basins are 76 
from the Kootenai River basin. Significant trends have p-values less than or equal to 0.05. 77 
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Table 6. Generalized Additive Model (GAM) analysis result 78 
Flow Metric GAM Results     *edf = 1.5 comparable to a linear trend 
Flow 
Metric 
Total # 
Significant 
Trends n = 
34 
 # of Modified Sub-
basins ( n = 17) 
with Significant 
Trends 
 # of Natural Sub-
basins (n = 17) 
with Significant 
Trends 
Range of Significant 
Trend Degrees of 
Freedom (Modified) 
% of Modified 
Trends (edf > 
1.5)* 
Range of 
Significant Trend 
Degrees of 
Freedom (Natural) 
% of Natural 
Trends (edf > 
1.5)* 
MinQ 15 12 3 2.2 : 47.3 100 5.5 : 46.1 100 
CV 8 7 1 3.0 : 20.9 100 3.5 100 
CumQ 6 4 2 15.5 : 44 100 15.7 : 18.7 100 
AMJJ 6 6 0 3.5 : 15.6 100 0 0 
Q 50q 5 3 2 16.0 : 44.0 100 15.8 : 18.6 100 
Q 25q 5 5 2 15.9: 44 100 15.8 : 18.9 100 
Q 75q 5 3 2 15.9 : 44.0 100 15.6 : 18.9 100 
MaxQ 4 4 0 1.5: 39.3 90 0 0 
Day 25q 4 4 0 9.2 : 43.0 100 0 0 
Day 50q 2 2 0 6.7 : 40.2 100 0 0 
Day 75q 2 2 0 11.1 : 39.0 100 0 0 
Day 
MaxQ 1 0 1 0 0 1.5 0 
 79 
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Magnitude of Direct Human Modifications 80 
The subtraction analysis results for the Clark Fork, Flathead, Coeur D’Alene, Boise, and Payette 81 
River basins are given in Tables 7 and 8.  For all basins except the Clark Fork River basin, 82 
residual time series from natural minus natural (control) subtractions are relatively small and 83 
close to zero as compared to the anthropogenically-modified subtraction residuals.  84 
 85 
The largest differences between the residuals of the anthropogenically-modified and natural time 86 
series are for the extreme flow (Table 8), timing of flow (Table 7), and variability of flow metrics 87 
(Table 7). Conversely the residual time series are similar and overlapping for the quantity of flow 88 
metrics (Table 8). Overall, the range in residual values, and the year-to-year variability of those 89 
values, is greater from the anthropogenically-modified sub-basins than from the natural controls 90 
(Tables 7 & 8).  91 
 92 
Figure 5 shows two examples of the subtraction residuals from a timing of flow metric where the 93 
controls have very little variation around zero. The anthropogenically-modified residual time 94 
series have flows occurring both earlier and later (Figure 5). In terms of the specific types of 95 
anthropogenic modification in these example sub-basins both have very little to no irrigation or 96 
urbanization, but do have at least one dam. The extreme flow anthropogenically-modified 97 
residuals fluctuate between being lower and higher than the controls (Figure 6). This fluctuation 98 
is sometimes an abrupt step-change as in the Flathead River basin, or a more steady increase or 99 
decrease as in the Boise River basin. The variability of flow residuals for the anthropogenically-100 
modified time series are almost all lower than the control residual values and have greater year to 101 
year variation (Figure 7). Both the control and anthropogenically-modified residual time series 102 
for the quantity of flow metrics overlap, and have relatively large ranges in year to year 103 
variability (Figure 8).  104 
 105 
These results corroborate the above linear and GAM analysis results that indicate the flow 106 
regimes of anthropogenically-modified sub-basins are more complex, have wider ranges in 107 
values, and larger changes/trends than the natural flow regimes over the period of record.  108 
 109 
 110 
 111 
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Table 7. Subtraction analysis for the variability of flow and timing flow metrics 112 
 Range of Residual Values 
Sub-basin 
ID 
Subtracting 
Pair 
Sub-
basin 
Type 
AMJJ  CV Day 25q Day 50q Day 75q Day MaxQ 
    Low  High Low  High Low  High Low  High Low  High Low  High 
Clark Fork              
8 - 7 1-1 -17 4 -0.3 0.3 -95 5 -40 5 -16 11 -36 48 
8 - 9 1-1 -11 29 -0.9 0.3 -71 84 -6 61 -4 27 -26 167 
9 - 7 1-1 -32 10 -0.6 0.9 -94 3 -75 2 -30 3 -167 30 
10 - 7 2-1 -28 4 -0.7 -0.1 -81 -10 -27 -5 -15 -2 -35 7 
10 - 8 2-1 -25 12 -0.7 0.2 -66 69 -28 14 -19 6 -47 22 
10 - 9 2-1 -23 19 -1.2 0.2 -54 47 -17 50 -11 25 -28 159 
Flathead              
14 - 11 1-1 -14 -1 -0.6 -0.1 -69 -4 -13 3 -8 9 -9 211 
12 - 11 2-1 32 2 -0.7 0.1 -125 14 -34 4 -11 30 -200 28 
12 - 14 2-1 -22 10 -0.4 0.4 -108 43 -30 10 -14 27 -228 8 
13 - 11 2-1 -70 5 -0.9 0.1 -183 37 -166 55 -118 86 -213 176 
13 - 14 2-1 -63 13 -0.6 0.4 -166 52 -169 61 -117 83 -215 146 
15 - 11 2-1 -46 -10 -1.0 -0.2 -141 -32 -87 0 -17 24 -164 211 
15 - 14 2-1 -35 0 -0.6 0.1 -124 -5 -83 3 -17 21 -166 52 
Coeur D'Alene             
19 - 18 1-1 -1 18 -0.4 0.1 -21 76 9 48 7 35 -132 158 
20 - 18 2-1 -15 5 -0.7 -0.2 -52 22 -14 9 0 16 -129 161 
20 - 19 2-1 -20 -5 -0.5 0 -72 4 -42 -5 -26 -3 -90 142 
Boise              
23 - 21 1-1 -4 10 -0.1 0.3 -13 29 -5 11 -4 4 -31 171 
22 - 21 2-1 -37 18 -0.6 0.9 -118 96 -21 62 -5 71 -249 146 
22 - 23 2-1 -38 12 -0.9 0.7 -124 109 -26 60 -7 72 -249 94 
24 - 21 2-1 -20 27 -0.5 0.4 -27 97 -16 54 9 69 -48 143 
24 - 23 2-1 -30 23 -0.7 0.5 -51 110 -21 56 6 67 -46 57 
Payette              
28 - 26 1-1 3 28 0.3 1.1 -32 100 -7 20 -16 -3 -49 19 
25 - 26 2-1 -52 33 -0.3 1.5 -53 146 -14 103 8 90 -250 107 
25 - 28 2-1 -65 7 -0.9 0.6 -59 119 -8 104 16 99 -242 108 
27 - 26 2-1 -20 -1 -0.6 -0.1 -63 26 -27 16 -10 44 -171 30 
27 - 28 2-1 -40 -8 1.4 -0.5 -98 38 -22 17 0 56 -171 41 
 113 
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Table 8. Subtraction analysis for the extreme flow and quantity flow metrics 114 
 Range of Residual Values 
Sub-basin 
ID 
Subtracting 
Pair 
Sub-
basin 
Type 
CumQ MaxQ MinQ Q 25q Q 50q Q 75q 
    Low  High Low  High Low  High Low  High Low  High Low  High 
Clark Fork              
8 - 7 1-1 -30 47 -42 195 -119 132 -28 51 -30 47 -30 48 
8 - 9 1-1 -45 49 -153 88 -62 93 -42 46 -44 50 -46 49 
9 - 7 1-1 -40 86 -89 209 -120 122 -39 86 -40 88 -41 87 
10 - 7 2-1 -29 39 -50 43 -89 92 -28 39 -29 39 -29 40 
10 - 8 2-1 -56 40 -183 70 -147 99 -56 40 -57 39 -57 39 
10 - 9 2-1 -93 41 -197 91 -95 60 -88 41 -94 41 -94 40 
Flathead              
14 - 11 1-1 -39 32 -126 53 -104 65 -38 31 -39 31 -38 32 
12 - 11 2-1 -27 19 -67 69 -78 106 -29 20 -27 19 -27 19 
12 - 14 2-1 -36 25 -47 195 -69 77 -34 25 -36 25 -36 26 
13 - 11 2-1 -75 52 -141 143 -147 361 -77 52 -75 53 -76 52 
13 - 14 2-1 -60 40 -69 127 -114 345 -61 39 -60 41 -60 41 
15 - 11 2-1 -24 17 -120 67 -100 148 -24 17 -22 18 -24 17 
15 - 14 2-1 -30 23 -43 51 -86 107 -28 22 -30 22 -30 22 
Coeur D'Alene             
19 - 18 1-1 -22 24 -74 42 -52 36 -23 24 -21 24 -22 24 
20 - 18 2-1 -16 19 -87 39 -102 253 -15 19 -16 19 -16 19 
20 - 19 2-1 -13 15 -70 30 -116 232 -12 12 -13 17 -13 16 
Boise              
23 - 21 1-1 -20 25 -79 33 -53 55 -19 24 -21 22 -20 24 
22 - 21 2-1 -44 35 -95 97 -131 104 -45 35 -45 35 -45 35 
22 - 23 2-1 -55 41 -97 93 -130 114 -54 40 -54 41 -54 41 
24 - 21 2-1 -24 27 -76 51 -151 225 -23 27 -24 26 -25 26 
24 - 23 2-1 -36 27 -67 57 -156 268 -35 27 -35 27 -36 28 
Payette              
28 - 26 1-1 -26 19 -32 47 -86 171 -28 22 -25 18 -25 20 
25 - 26 2-1 -39 62 -66 65 -134 410 -41 65 -37 61 -39 63 
25 - 28 2-1 -38 75 -76 71 -288 450 -40 75 -39 73 -39 75 
27 - 26 2-1 -14 11 -36 62 -47 65 -14 11 -14 12 -14 10 
27 - 28 2-1 -33 29 -45 79 -179 108 -36 28 -32 29 -33 28 
 115 
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 116 
Figure 5. The day of the 50th quartile of flow (Day of 50th q) subtraction residuals for the control (black) and 117 
anthropogenically-modified (gray) time series subtraction analysis for the Flathead River basin (Sub-basin IDs 11, 118 
13, and 14), and the Boise River basin (Sub-basin IDs 21, 22, and 23). 119 
4. Discussion 120 
We find that over the past 59 years direct anthropogenic modifications of river basins by 121 
damming, irrigation, and urbanization have substantially altered river flow regimes in the 122 
Northern Rocky Mountains. Conversely, reported climate change in the western United States 123 
(Barnett et al., 2008) has not generated statistically detectable changes in the flow regimes in the 124 
Northern Rocky Mountains.  125 
 126 
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 127 
Figure 6. Normalized annual daily minimum discharge (MinQ) subtraction residuals for the control (black) and 128 
modified (gray) signal subtraction analysis for the Flathead River basin (Sub-basin IDs 11, 13, and 14), and the 129 
Boise River basin (Sub-basin IDs 21, 22, and 23). 130 
 131 
Past studies have found that changes in regional climate have altered the timing of river flows in 132 
the western United States over the past half century (Stewart et al., 2004 and 2005). Our findings 133 
suggest that changes in climate to date have not been great enough to significantly detect 134 
changes in the timing of flows in most natural sub-basins beyond the natural variability (Tables 4 135 
& 6). This corroborates findings by Moore et al. (2007) who found the natural variability in 136 
stream flow timing is greater than the reported change in timing due to climate change. These 137 
contradictory results can be explained by our adjustments for multiple statistical tests conducted 138 
for each metric. Our adjustment is conservative, making our evidence for change, when it is 139 
detected, much stronger than in other comparable studies where many more tests are conducted 140 
without any control over their error rates. When we fail to detect a result, it does not mean that 141 
no change has occurred, while that is possible, it only means that the size of the change was not 142 
large enough to detect amongst the variability of the metric over time. 143 
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 144 
Figure 7. Fractional April May June July stream flow (AMJJ) subtraction residuals for the control (black) and 145 
modified (gray) signal subtraction analysis for the Flathead River basin (Sub-basin IDs 11, 13, and 14), and the 146 
Boise River basin (Sub-basin IDs 21, 22, and 23). 147 
 148 
In our analysis of flow regimes from anthropogenically-modified sub-basins we found that the 149 
timing of flows are occurring both earlier and later in the year as compared to the timing in 150 
natural sub-basins. There is also a greater year-to-year range in the day of occurrence of different 151 
flows, and the overall time series have more complex significant patterns than the natural flow 152 
regimes (Table 6). These more complex changes in the anthropogenically-modified sub-basins 153 
often take the form of abrupt step-changes, suggesting the flow regimes react quickly, and often 154 
dramatically, to direct human alterations of the basins. 155 
 156 
Other studies such as those conducted by Rood et al. (2005 and 2008) have detected gradual 157 
declines in the annual cumulative quantity of flow. However, the absence of significant linear 158 
trends in this study for all the quantity of flow metrics, shows there has been no detectable 159 
overall change in the amount (Tables 4 & 5) of water moving through river basins in the 160 
Northern Rocky Mountains over the past 59 years. There is a significant cyclical type pattern in 161 
the quantity of flow time series for all sub-basins located in the eastern region of the study area. 162 
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The similar time series pattern for these sub-basins suggests a possible flow regime response to 163 
some hydroclimatologic cycle that influences the amount of water input to the region.  164 
 165 
Figure 8. Normalized annual cumulative discharge (CumQ) subtraction residuals for the control (black) and 166 
modified (gray) signal subtraction analysis for the Flathead River basin (Sub-basin IDs 11, 13, and 14), and the 167 
Payette River basin (Sub-basin IDs 21, 22, and 23). 168 
 169 
The lack of significant linear change and complex patterns (Tables 4 & 6) in the natural flow 170 
regimes for the extreme flows and variability of flow metrics is evidence that reported climate 171 
change has not altered these flow regime characteristics to a statistically detectable amount. 172 
McCabe and Wolock (2002) documented a natural increase in minimum discharge since 1970 173 
primarily in the east, though they also found some evidence of this in pockets elsewhere in the 174 
United States. Our study found no evidence of this increase in natural sub-basins of the Northern 175 
Rocky Mountain region over a longer time period. Instead we find that the most significant 176 
change in extreme flows has occurred in anthropogenically-modified sub-basins. In these time 177 
series the annual minimum daily discharge is increasing, often in a step-type form as indicated 178 
by the higher estimated degrees of freedom values (Table 6), whereas the annual maximum daily 179 
discharge is often decreasing. Combined, these are causing a reduction in the range of discharge 180 
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values in the annual hydrograph. The larger range in year-to-year extreme flow values for the 181 
anthropogenically-modified sub-basins suggests that the inter-annual variability is much greater 182 
than in natural sub-basins. This is evidence that direct anthropogenic modifications of river 183 
basins is homogenizing annual flow regimes while increasing the heterogeneity of inter-annual 184 
flow regimes in the Northern Rocky Mountains. 185 
 186 
Pagano and Garen (2005) reported finding trends in annual flow variability in natural streams of 187 
the western United States, however, results from the Northern Rocky Mountains suggests that 188 
these changes in intra-annual variability are not yet detectable in  this region. It should be noted 189 
that Pagano and Garen (2005) use a high significance level of 0.1. Poff et al. (2006 and 2007) 190 
found that damming of streams and rivers caused increased homogeneity of annual hydrographs, 191 
and reduced the annual variability of flows. Our results from the anthropogenically-modified 192 
sub-basins corroborate with these results by showing that the variability of flow metrics have 193 
decreased over the period of record. Thus, human engineering and alterations of river basins 194 
reduces the variability of the flow regimes, causing increased homogeneity of the annual 195 
hydrographs. These reductions have occurred in both abrupt step and cyclical type changes as 196 
indicated by the high estimated degrees of freedom, which could be a function of changes in the 197 
anthropogenic modifications within the sub-basins over the period of record.  198 
 199 
The flow regimes with the greatest significant alterations are located in sub-basins from the 200 
Madison, Flathead, Kootenai, Payette, and Clearwater basins. However, these are not necessarily 201 
the sub-basins with the greatest anthropogenic modifications. Nor is the type and amount of 202 
anthropogenic modifications similar between the above sub-basins. A more detailed analysis of 203 
anthropogenic modifications of basins would be useful in order to better understand what aspects 204 
of human development, engineering, and growth are causing the flow regime alterations found in 205 
this study.  206 
 207 
The implications of these results on river ecosystem health could be highly detrimental as 208 
indicated in studies by Voortman (1998); Magilligan and Nislow (2005); Poff et al. (2006, 2007) 209 
and many others. Alterations in the magnitude of extreme events, the variability of flows, and the 210 
timing of flows have been found to directly impact such things as the spawning time of fish, 211 
migrations, and hatching of benthic organisms, as well as many other ecosystem processes (Poff 212 
and Ward, 1989; Næsie et al., 1995; Ward and Stanford, 1995). Alterations to flow regimes also 213 
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impacts the fluvial geomorphology by disconnecting rivers and floodplains, increasing or 214 
decreasing sediment loads and fluxes, and changing the channel geomorphic complexity 215 
(Pizzuto, 2002; Graf, 2006; Schmidt and Wilcock, 2008). The changes to fluvial geomorphology 216 
in turn relates to ecosystem health by altering such things as habitat and food availability, water 217 
temperatures, and nutrient cycles (Allan et al., 1997; Poff et al., 2006; Arrigoni et al., 2008). 218 
Thus, direct anthropogenic modifications of river basins over the past 59 years has been more 219 
detrimental to overall river processes and ecosystem health than reported climate change.  220 
5. Conclusions 221 
In the Northern Rocky Mountains over the past 59 years climate change has not presented 222 
significant evidence of alteration of the natural flow regimes, while direct basin anthropogenic 223 
modifications have substantially altered river flow regimes. More specifically our results suggest 224 
that direct basin anthropogenic modifications have caused a decrease in the difference between 225 
the annual minimum and maximum daily discharges by as much as 15%. The annual coefficient 226 
of variation in daily flows has decreased by as much as 0.014, and the timing of flows have been 227 
altered to both earlier and later in the year by as much as a week. This has resulted in a more 228 
homogenous annual hydrograph in anthropogenically-modified sub-basins than in natural sub-229 
basins. Interestingly, different types and amounts of basin anthropogenic modifications appear to 230 
alter flow regimes to varying degrees, and the most heavily modified basin is not necessarily the 231 
basin with the most altered flow regime. Conversely, there has been no statistically significant 232 
change in the amount of water input to these systems. However, the eastern section of the study 233 
area has an underlying cyclical pattern across all basins suggesting a stronger link between the 234 
quantity of water in rivers and hydroclimatologic cycles than to differing basin characteristics.  235 
 236 
Overall, we found that the anthropogenic modifications have decreased the intra-annual 237 
hydrograph heterogeneity, but have increased the inter-annual heterogeneity. In general, direct 238 
anthropogenic modifications of river basins have altered flow regimes to a greater extent than 239 
reported climate change. As we move into a future with increased climate uncertainty, we should 240 
not lose sight of the direct human impacts on river basins and flow regimes. Resource managers, 241 
policy makers, and scientists would benefit from considering both climate change and direct 242 
anthropogenic modifications of river basins together when analyzing future impacts on river 243 
flow regimes.  244 
245 
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Chapter 2: 
 
Impacts of irrigation development on flow regimes in the Northern 
Rocky Mountains, USA 
1. Introduction 
Freshwater ecosystems are intimately linked to natural flow regimes and river basin 
characteristics (Hynes, 1975; Vannote et al., 1980; Ward and Stanford, 1995; Poff et al., 
1997). Flow regime alterations can adversely affect river ecosystems and future 
sustainability of these systems (Puckridge, et al., 1998; Lytle and Poff, 2004). In addition, 
freshwater is important for agriculture, industrial uses, power, sanitation, recreation, and 
many other societal needs. Thus, the sustained health of river systems is imperative for 
both riverine and anthropogenic ecosystems. However, over the past century 
anthropogenic modifications and transformations of Northern Rocky Mountain river 
basins has been extensive. A step towards a more sustainable and healthy future for these 
ecosystems would be improved understanding of the impacts of direct basin 
anthropogenic modifications on the natural flow regimes of rivers—used here as the flow 
regime that occurs in basins with little to no human interference or modifications (Poff et 
al., 1997; Poff et al., 2003).  
 
Direct anthropogenic modifications of river basins can significantly alter natural flow 
regimes (Graf, 1999; Paul and Meyer, 2001; Poff et al., 2006) by changing the timing of 
flows, the amplitude of extreme flows, the quantity of flows, and the variability of flows, 
all important drivers of healthy river ecosystems (Poff and Ward, 1989; Poff and Allan, 
1995; Allan, 2004). For example, Ward (1998) links riverine biodiversity to predictable 
flow disturbances, and Næsie et al. (1995) found that specific timing of flows are 
important cues for the spawning and migration of fish. The natural flow regime is also 
important for the maintenance of geomorphic thresholds. These thresholds contribute to 
channel morphology, and consequently habitat availability (Church, 2002), which is 
intimately connected to the ecological health of rivers (Stanford and Ward, 1993).  
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Preliminary analysis has shown that urbanization in the Northern Rocky Mountains has 
not significantly altered flow regimes, and when considering the low percent area 
classified as urban (2000 United States Census Bureau), we believe this to be a 
reasonable assessment. Conversely, most all river basins in the region contain extensive 
irrigation development, both irrigated acreage and irrigation infrastructure (dams, canals, 
and ditches). While there have been many previous studies documenting alterations of 
flow regimes due to dams in general (Graf, 1999; Magilligan and Nislow, 2005; Poff et 
al., 2007), there has been a comparatively small number of studies that have analyzed the 
impacts of surface water irrigation development on specific characteristics of river flow 
regimes, and none that we are aware of in the Northern Rocky Mountains, a region with 
one of the highest surface water irrigation withdrawal amounts in the United States 
(Kenny et al., 2009).  
 
Despite the relatively small amount of research, the potential impacts of surface water 
irrigation on flow regimes are fairly high. For instance, of the total world water 
withdrawals, close to 60% is for irrigation purposes. In the United States 65% of 
withdrawals are for irrigation purposes, of which 58% is from surface water withdrawals; 
of this total 18% is withdrawn in Montana and Idaho alone. Unlike other water uses 
where upwards of 90% of the water used can be returned to the environment, often only 
half of irrigation water is reusable (Hutson et al., 2005).  
 
Therefore, in this paper we examine how irrigation development (the combined 
properties of surface water irrigated acreage and irrigation infrastructure) has affected 
multiple characteristics of the flow regimes in the Northern Rocky Mountains over the 
past 59 years, the longest consistent period of stream discharge records over the region. 
We use 19 stream gauges representing seven rivers. We also consider longer, 100 to 112 
years of discharge records from three basins that cover pre and post major irrigation 
development. To quantify the impacts of upstream-irrigated acreage and irrigation 
infrastructure on flow regimes, we use 12 annual flow regime metrics that are analyzed 
using both linear and non-linear models. These analyses provide insight into how surface 
water irrigation has altered flow regimes in the Northern Rocky Mountains to help 
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resource and ecosystem managers make more informed decisions regarding the future use 
of rivers and the management irrigation systems.  
2. Methods  
2.1 Study Area 
We examined relative differences in flow regimes from 19 stream gauges in the Northern 
Rocky Mountains, USA (Table 1).  
Sub-Basin ID Station # Longitude Latitude 
Drainage 
Area 
(km
2
) 
Gauge 
Elevation 
(m) 
 Beaverhead     
1 06018500 -112.45 45.38 9373.2 1466 
2 06025500 -112.70 45.53 6412.8 1534 
 Yellowstone     
3 06191500 -110.79 45.11 6793.6 1548 
4 06192500 -110.57 45.60 9197.1 1384 
5 06205000 -109.39 45.55 2525.3 1180 
 Flathead     
6 12363000 -114.18 48.36 11561.8 907 
7 12362500 -114.04 48.36 4307.2 927 
8 12372000 -114.25 47.68 18378.6 821 
 Upper Snake     
9 13039500 -111.35 44.59 257.2 1962 
10 13042500 -111.40 44.42 1245.8 1897 
 
Middle 
Snake     
11 13142500 -114.36 43.25 4144.0 1421 
12 13139500 -114.32 43.52 1657.6 1614 
13 13152500 -114.80 42.89 7744.1 1019 
14 13141500 -114.54 43.33 1678.3 1484 
15 13148500 -114.00 43.39 808.1 1521 
 Boise     
16 13190500 -115.48 43.34 2543.4 1167 
17 13202000 -116.06 43.52 6941.2 862 
 Payette     
18 13236500 -115.64 44.29 290.1 1579 
19 13247500 -116.20 43.94 5775.7 800 
Table 2 - 1. List of gauges and river basins 
 
This region of the United States is the major source of freshwater to much of the country, 
and is the source for three great North American rivers, the Columbia, the Missouri, and 
the Saskatchewan. The north-south boundaries of the study region are the Canadian 
political border and the Snake River Plain in southern Idaho; the east-west borders are the 
topographic edge of the Rocky Mountains (Figure 1). The Northern Rocky Mountains 
range in elevation from approximately 210 m to 3900 m. The hydroclimate regime of the 
region is snowmelt dominated, with only a small percentage of water originating as 
rainfall each year. A snowmelt dominated system entails the winter accumulation of 
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water stored as snow or ice, spring and early summer snowmelt inducing high flood 
flows, and baseflow conditions in late summer and through the fall and winter.  
 
Figure 2 - 1. Location map 
Locations of the 19 USGS gauges and sub-basins used in this analysis of flow regimes in the Northern 
Rocky Mountain region. 
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2.1 Data acquisition 
Stream discharge data was acquired from the United States Geologic Survey (USGS) 
stream gauge network (http://nwis.waterdata.usgs.gov/nwis). Nineteen gauges in the 
Northern Rocky Mountains were selected that represent 19 different sub-basins within 
seven river basins and have a continuous period of record from 1950 through 2008. This 
is the longest continuous record covered by most of the stream gauge stations in the area. 
It should be noted that while irrigation development began primarily between the 1890s 
and 1910 in the Northern Rocky Mountains, much of the major irrigation development 
(large dam and canal infrastructure) upstream of these gauges occurred between 1920 and 
1950 (PBS&J, 2009; Irrigation in Idaho, 1971). In addition, there has been substantial 
population growth and increases in irrigation usage since 1950 in the Northern Rocky 
Mountains (MacKichan, 1951; Kenny et al., 2009). However, there are three river basins; 
the Flathead, Boise, and Payette that have available USGS discharge data from pre and 
post major irrigation development. The pre and post irrigation development hydrograph 
data was compared to the results from the 59 year dataset. The stream discharge data 
from the above gauges were downloaded from the USGS website, and were run through a 
series of Matlab R2008a and R (R Development Core Team, 2009) software scripts to 
clean, organize, plot, and analyze the annual flow regimes such that the final datasets 
consisted of the sub-basin identification number (Sub-basinID, 1-19), water year, Julian 
water day, and discharge.  
2.2 Upstream Irrigation Development 
To determine the surface water irrigation development upstream of each gauge station we 
conducted a background investigation into the percent area irrigated using surface water 
withdrawals, and the presence of upstream dams, canals, and ditches whose main purpose 
is for irrigation water storage and release.  
 
Dam and canal information was acquired from the Army Corp of Engineers National 
Inventory of Dam (NID) database, the Bureau of Reclamation, the Idaho Department of 
Water Resources, and the USGS. Dam information includes the distance to the nearest 
upstream dam, and the completion dates of the first and last dam (Table 2 & 3), and the 
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main functions of each dam. Surface water irrigation use was estimated from the total 
upstream surface water irrigated acreage (Huo et al., 2008). Irrigation acreage data for 
basins in Montana was acquired from a 2000 report published by the USGS for the state  
Sub-Basin ID 
Total # of 
Dams 
Approximate Distance 
to Nearest Upstream 
Dam (km) 
Date of First 
Dam Built 
Date of Last 
Dam Built 
1 2 30 1934 1963 
2 0 - - - 
3 0 - - - 
4 0 - - - 
5 2 - - - 
6 2 5 1952 1971 
7 1 <1 1952 1952 
8 6 5 1914 1971 
9 1 <1 1923 1923 
10 2 25 1923 1937 
11 2 <1 1910 1910 
12 0 - - - 
13 3 10 1923 1961 
14 1 15 1912 1912 
15 1 10 1961 1961 
16 1 <1 1946 1946 
17 3 15 1914 1955 
18 1 <1 1930 1930 
19 5 60 1930 1995 
Table 2 - 2. Upstream dams 
 
Sub-Basin ID Basin 
% irrigated 
area in basin 
Total # of 
Irrigation 
Dams* 
Total # of 
Dams 
1 Beaverhead 6.2 2.0 2.0 
2 Beaverhead 6.9 0.0 0.0 
3 Yellowstone 0.8 0.0 0.0 
4 Yellowstone 1.1 0.0 0.0 
5 Yellowstone 3.3 0.0 0.0 
6 Flathead 0.2 2.0 2.0 
7 Flathead 0.3 1.0 1.0 
8 Flathead 1.2 5.0 6.0 
9 Upper Snake 0.0 1.0 1.0 
10 Upper Snake 24.1 2.0 2.0 
11 Middle Snake 3.0 2.0 2.0 
12 Middle Snake 2.4 0.0 0.0 
13 Middle Snake 7.4 3.0 3.0 
14 Middle Snake 1.9 1.0 1.0 
15 Middle Snake 0.7 1.0 1.0 
16 Boise 0.9 1.0 1.0 
17 Boise 0.4 3.0 3.0 
18 Payette 0.0 1.0 1.0 
19 Payette 3.8 5.0 5.0 
* Some dams may be used for other purposes not just irrigation  
Table 2 - 3. Upstream irrigation development 
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Flow Regime Metric Flow Regime Characteristic Definition References 
CumQ Quantity of flow 
Normalized total yearly discharge  
(CumQ(yr) / CumQ(avg)) *100 
General metric of change 
 Q25
th
q, Q50
th
q, Q75
th
q Quantity of flow 
Normalized cumulative discharge for the 25
th
, 
50
th
, and 75
th
 quartiles of flow  
(_qQ(yr) /  _qQ(avg)) *100 
Moore et al. (2007); Rauscher et al. 
(2008) 
Day 25
th
q, Day 50
th
q, Day 75
th
q Timing of flow 
Day that the 25
th
, 50
th
, and 75
th
 quartile of flow 
passes the stream gauge 
Moore et al. (2007); Rauscher et al. 
(2008) 
Day MaxQ Timing of flow 
Julian water day when the annual maximum 
daily discharge occurs 
Poff et al. (2006) 
MaxQ Extreme Flow 
Normalized annual maximum daily discharge 
(MaxQ(yr) / MaxQ(avg)) * 100 
Poff et al. (2006) 
MinQ Extreme Flow 
Normalized annual minimum daily discharge 
(MinQ(yr) / MinQ(avg)) * 100 
Poff et al. (2006) 
AMJJ Variability of flow 
Percent of total yearly discharge flowing past 
the gauge between the months of April and 
July 
Stewart et al. (2005); Carson (2007) 
CV Variability of flow 
Annual coefficient of variation in daily 
discharge  
(standard deviation of Q / mean Q) 
Poff et al. (2006) 
    
Table 2 - 4. Flow metrics 
 41
 
of Montana by county and hydrologic units (Cannon and Johnson, 2004). Surface water 
irrigation acreage for the state of Idaho was acquired from the USGS Idaho Water 
Science Center and Idaho Department of Water Resource (Table 3). Although crop type 
and evapotranspiration amounts can influence stream flow, the data is not consistently or 
continuously available at a useful resolution for this study.  
2.3 Flow Regime Analysis 
The flow regimes for each sub-basin were analyzed based on metrics that quantify 
different characteristics of the annual flow regime defined by Poff et al. (1997) (Table 4). 
MatLab R2008a software was used to calculate the 12 different flow metrics, which 
resulted in a single value for each water year (Arrigoni et al., WRR in review). All of the 
annual discharge flow metric values are normalized to the average value over the total 
period of record. By normalizing the discharge values we are able to compare values 
across the region despite differing sizes of river basins. The extended time series were 
analyzed in the same method as the 59 year time series. In addition to using the flow 
metric time series to correlate the impacts of irrigation on flow regimes, we present an 
analysis of the annual hydrograph for each year of record from three rivers that have 
available discharge data from pre and post major upstream irrigation development. 
2.4 Statistical Models 
Linear Regression Analysis 
Linear regression analysis of hydrologic data has been used extensively to determine 
monotonic trends over time (Stewart et al., 2005; Moore et al. 2007; Arrigoni et al., WRR 
in review). We used a similar linear model method as a first order approximation of 
monotonic increases and decreases in the flow metric values over the period of record. A 
trend significantly different from zero indicates a deviation from the natural flow regime 
as presented by a similar analysis performed by Arrigoni et al. (WRR in review). The 
best-fit values for the model were evaluated using a least squares regression method, 
which estimates Bo and B1 so that the sum of the squares of the differences between the 
observations y and the straight line is a minimum. To test the significance of the slope B1 
where the hypothesis is H0 : B1 = 0 and H1 : B1≠ 0, a simple t-test was used: 
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t1 = B1-0  (1) 
       SE(B1) 
following a t-distribution with n-2 degrees of freedom. 
 
The results from this analysis were tested for significance for p-values of 0.05. When 
doing multiple statistical tests, the probability of incorrectly detecting a significant result 
for at least one test increases with the number of tests being conducted. To account for 
this we used the Bonferroni method (Bonferroni, 1936) to adjust the original p-values. 
This method calculates the new p-value by multiplying the original value by the total 
number of tests. The new adjusted p-values are then compared to an α of 0.05, and any 
adjusted p-values ≤ 0.05 are considered to have significant trends. Bonferroni 
adjustments are known to be conservative, but provide strong control of the overall error 
rate for each set of tests. We have more confidence in our detected results by using the 
Bonferroni adjustment. We performed the adjustment for the total number of trend tests 
considered within each metric. 
Generalized Additive Model 
The linear regression analysis is used to gain information on the direction of change, if 
present, in the flow metric time series. However, linear regression analysis has been 
found to not fully represent patterns and trends in hydrological data (Puckridge et al., 
1998). Because of the limitations in using only linear regression models, we also use a 
non-linear modeling tool that relaxes the linearity assumption to provide added 
information about the nature of the time series patterns. We use a Generalized Additive 
Model (GAM) method that can model non-linear step and cyclical patterns in the time 
series data (Wood, 2006). This method can be implemented without prior knowledge of 
the form and type of non-linearity present in the time series, and can be used in any 
situation where a linear model is used. It estimates the form of the relationship between 
two variables by using a cubic regression spline, the program systematically adds terms 
to the model up to an estimated degrees of freedom (edf) value of 59, the number of 
observations. The results from this analysis were also tested for significance with a p-
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value of 0.05, and adjusted using the Bonferroni method (Bonferroni, 1936). These tests 
assess evidence for the nonlinear trend as compared to the null hypothesis of no trend 
(linear or nonlinear) in the data set. 
 
The output of the GAM analysis is a unique model where the relevant metric is the 
estimated degrees of freedom (edf) value. This value is a measure of the complexity of 
the estimated model. An edf value of 1.5 is comparable to a linear regression model. Any 
value larger than 1.5 is moving away from a linear fit towards a more complex non-linear 
form. These non-linear fits take the form of either a step-type change, or a cyclical form 
comparable to a higher polynomial (Figure 2). The results from the GAM analysis only 
provide information on the complexity of the fit, they do not provide information about 
monotonic increases or decreases in the data. Thus, we use linear regression models to 
provide information about the monotonic change in the flow metric time series, whereas 
we use the GAM analysis to provide information about the complexity of the flow metric 
time series. 
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Figure 2 - 2. Example GAM fits 
Example time series with representative significant non-linear GAM models. The larger estimated degree 
of freedom (edf) values indicate more complex non-linear model best fits. An edf value of 1.5 indicates the 
best fit model for the data is linear, as the edf  value increased from there the model form becomes non-
linear. The non-linearity can take the form of either a step-change as shown by the model with a edf of 5.0 
or a cyclical form as shown by the models with edf  values of 3.0 and 9.0.  
Interpretation of the combined results is as follows: a flow metric time series that does 
not have a significant linear trend but does have a significant non-linear pattern has a 
cyclical type pattern embedded in the time series data and no significant monotonic 
change. A time series that has only a significant linear trend has only a monotonic 
increase or decrease over the 59 years. However, this does not exclude the possibility of a 
change in the variability around the monotonic trend as long as the change is similar in 
both the positive and negative direction, nor does this mean that the variability is not 
large around that trend (Moore et al., 2007). A flow metric time series that has both a 
significant linear trend and non-linear pattern means that there is a monotonic increase or 
decrease overlaying a more complex form, often an abrupt step-change (Figure 2).  
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3. Results 
3.1 Flow Metric Models (1950 - 2008) 
Extreme Flows 
Most significant trends are in the annual minimum discharge flow metric time series. All 
of the sub-basins with both significant linear trends and significant non-linear patterns 
have positive linear slopes (Table 5). The change in minimum discharge has occurred in a  
Flow Metric 
Number of 
Significant Linear 
Models 
Change in 59 Years* 
Number of 
Significant GAM 
Models 
GAM Non-linear 
edf* 
AMJJ (%) 0 - 3 5.6 - 15.6 
CV 3 -0.2 - -0.5 7 3.0 - 35.5 
Day MaxQ (days) 0 - 2 29.8 - 34.8 
MaxQ (%) 6 -48 - -120 3 1.5 - 39.3 
MinQ (%) 8 110 - 383 12 2.2 - 43.8 
Day 25q (days) 0 - 2 11.6 - 43.0 
Day 50q (days) 0 - 2 16.6 - 40.2 
Day 75q (days) 4 -10 - 45 2 11.1 - 40.6 
CumQ (%) 0 - 4 10.5 - 44.0 
CumQ 25th q (%) 0 - 3 20.1 - 44.0 
CumQ 50th q (%) 0 - 5 20.0 - 44.0 
CumQ 75th q (%) 0 - 3 20.1 - 44.0 
* significant linear slopes and GAM models p < 0.05   
Table 2 - 5. Significant trends and patterns 
 
non-linear, often an abrupt step-change form as presented by the high edf values, and the 
inter-annual variability of the flow metric values is often very high (Figure 3). There are 
six sub-basins with significant linear trends and two that also have non-linear patterns in 
the annual maximum discharge flow metric time series (Table 5). All of these have 
negative linear slopes, and two have experienced abrupt step changes while the other four 
have changed in a gradual linear fashion with consistent variability around the linear 
trend over the 59 years (Figure 3).  
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Figure 2 - 3. Extreme flow time series 
The top graph shows the annual minimum daily discharge flow metric time series for sub-basin 17 in the 
Boise River basin. The best-fit linear and non-linear models are overlaid on the time series graph. The 
lower graph shows the annual maximum daily discharge flow metric time series for sub-basin 14 in the 
Middle Snake River basin. The best-fit linear and non-linear models are overlaid on the time series graph. 
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Variability of Flows 
There are no significant linear trends in the annual April May June July (AMJJ) fractional 
stream flow metric time series (Table 5). Three sub-basins have significant complex, non-
linear patterns, often taking the form of a U shape where the lowest percent AMJJ flows 
occurred in the 1980s (Figure 4). There are slight downward linear trends, however, none are 
significant at the α = 0.05 level. Three sub-basins have significant linear trends, and two 
have complex non-linear patterns in the annual coefficient of variation of daily flows (Table 
5). All of the significant linear trends have negative slopes and edf values greater than 1.5 
indicating the change in intra-annual variability has take the form of step-changes (Figure 4). 
Five additional sub-basins have significant non-linear models suggesting a complex pattern is 
embedded in the time series data, and any linear change is not large enough to be detected 
against the variability of the flow metric over time (Table 5). 
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Figure 2 - 4. Variability of flow time series 
The top graph shows the annual April May June July (AMJJ) fractional streamflow flow metric time series 
for sub-basin 6 in the Flathead River basin. The best-fit linear and non-linear models are overlaid on the 
time series graph. The lower graph shows the annual coefficient of variation of daily discharge flow metric 
time series for sub-basin 7 in the Flathead River basin. The best-fit linear and non-linear models are 
overlaid on the time series graph. 
Timing of Flows 
Overall there are few sub-basins with significant model fits in the four timing of flow 
metrics (Table 4 & 5). Only two sub-basins have significant non-linear model fits for the 
day of maximum discharge, day of the 25
th
 quartile, day of the 50
th
 quartile, and day of 
75
th
 quartile of flow (Table 5). All of these non-linear models have high edf values 
suggesting a complex embedded cycle. Four sub-basins have significant linear trends for 
the timing of the 75
th
 quartile of flow, all except for one have negative trends indicating 
the timing of flow is occurring earlier now than in 1950 (Table 5). Often this change has 
occurred in irregular step patterns (Figure 5).  
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Figure 2 - 5. Timing of flow time series 
The graph shows the annual day of occurrence of the 75
th
 quartile of flow, flow metric time series for sub-
basin 18 in the Payette River basin. The best-fit linear and non-linear models are overlaid on the time series 
graph.  
Quantity of Flows 
No sub-basins have significant linear trends in the quantity of flow metric time series 
(Table 4 & 5). There is a common group of sub-basins in the Beaverhead, Upper Snake, 
and Middle Snake that have similar complex cyclical patterns embedded in all four 
quantity of flow metric time series (Figure 6). The non-linear GAM fit is very similar for 
both of the Snake River sub-basins, whereas the Beaverhead has an even more complex 
cyclical pattern. There are slight decreasing trends, however, similar to the other flow 
metric time series, the amount of change is no great enough against the year to year 
variability in flow metric values to be significant.  
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Figure 2 - 6. Quantity of flow time series 
The graph shows the annual normalized cumulative discharge of the 50
th
 quartile of flow, flow metric time 
series for sub-basin 1 in the Beaverhead River basin. The best-fit linear and non-linear models are overlaid 
on the time series graph.  
3.2 Extended Discharge Records (100 years) 
The Flathead, Boise, and Payette River basins all have discharge records that cover both 
an early period prior to the development of major upstream irrigation projects and post 
development of major upstream irrigation projects. The Boise discharge record is missing 
40 years of data in the middle of the time series, thus we only use a descriptive analysis 
of the Boise record and do not run any model analyses. 
 
Flathead River below lake (Sub-Basin ID 8) 
Flow Metric Change over 100 years* Change 1950 - 2008* 
AMJJ (%) -29 0 
CV -0.6 -0.2 
Day MaxQ (days) 0 0.0 
MaxQ (%) -43 -48 
MinQ (%) 48 109 
Day 25q (days) -113 0 
Day 50q (days) -40 0 
Day 75q (days) -9 0 
   
Payette River (Sub-Basin ID 19) 
Flow Metric Change over 100 years* Change 1950 - 2008* 
AMJJ (%) 4 0 
CV -0.5 0.0 
Day MaxQ (days) 0.0 0.0 
MaxQ (%) -40 0 
MinQ (%) 0 0 
Day 25q (days) -27 0 
Day 50q (days) 0 0 
Day 75q (days) 26 0 
* significant linear models p <0.05  
  
Table 2 - 6. Extended time series model results
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Table 2 - 7. Flathead extended hydrograph, Flathead River 
Time series A shows the discharge data for the past 90 years and the completion dates of two major upstream irrigation projects. Time series B shows the 
annual hydrographs prior to the completion of the upstream irrigation projects, and C the annual hydrographs from post major irrigation developments.  
 52
 
 Figure 7A shows the entire period of discharge record for the Flathead River below 
Polson, Montana. The increase in minimum discharge and the decrease in maximum 
discharge from pre major irrigation development (Figure 7B) to post major irrigation 
development (Figure 7C) are clearly shown over the course of the past 100 years. The 
change in maximum discharge is comparable between 1950 and 2008, and 1908 and 
2008, whereas the change in minimum discharge was greater between 1950 and 2008 
(Table 6). The alteration in the AMJJ fractional and CV has been much greater over the 
longer period of record, and the timing of the quartiles of flow, notably the 25
th
 quartile, 
are to much earlier in the year over the longer period of record (Table 6 and Figure 9). 
Overall, the yearly spread in the timing of the 25
th
 quartile and 75
th
 quartile of flow has 
increased by 104 days.  
 
The Boise River at Boise, Idaho has experienced a large decline in both minimum and 
maximum discharges since the completion of major irrigation projects (Figure 8A). 
However, the minimum discharge, which has declined over the past 100 years, has 
increased since 1950. The current flow regime in the Boise River is much more regular 
and homogeneous than pre major irrigation development (Figure 8B & 8C), which is 
represented by the overall decline in the annual CV and AMJJ fractional stream flow 
metrics. In addition the timing of the quartiles of flows have all shifted to later in the 
year, and the duration of the flood or high flow period has increased. This in turn has 
decreased the percentage of annual flow occurring during the months of April through 
July. Figure 9 shows the pre and post irrigation development hydrographs for the Payette 
River at Horseshoe Bend, Idaho. There has been a distinct decline in the maximum 
annual discharge, but no change in the minimum discharge (Table 6). However, similar to 
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Table 2 - 8. Extended time series hydrograph, Boise River 
Time series A shows the discharge data for the past 100 years and the completion dates of two major upstream irrigation projects. Time series B shows the 
annual hydrographs prior to the completion of the upstream irrigation projects, and C the annual hydrographs from post major irrigation developments. 
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the Flathead and Boise River basins, the duration of the flood or high flow period has 
increased and the spread between the 25
th
 and 75
th
 quartiles of flow has increased by as 
much as 50 days (Figure 9B & 9C). The AMJJ fractional stream flow has increased 
slightly, whereas the annual variation between daily discharges has declined as indicated 
by the decline in the CV values. All of the alterations in the flow regime occurred 
between pre and post major irrigation development. Thus, there is very little indication of 
flow regime alterations between 1950 and 2008, but there are significant alterations in the 
flow regime between 1908 and 2008 (Table 6).  
 
All of the flow characteristics analyzed here using the 12-flow metrics have been altered 
to some degree in at least one of these river basins except for the cumulative discharge 
flow metrics. Not a single one of the sub-basins analyzed between 1950 and 2008 or over 
the past 100 years has experienced any significant alteration in the total amount of water 
moving through these systems. The only common pattern is a non-linear cyclical pattern 
(Table 5).  
4. Discussion 
By comparing our linear model results from 1950 - 2008 with the extended time series 
covering pre and post major irrigation development in the Flathead, Boise, and Payette 
River basins, we find that the shorter period of record does not accurately represent the 
true extent of alterations in the flow regimes, especially in regards to changes in the 
timing and duration of flows. Unfortunately, in most basins in the Northern Rocky 
Mountains (or any region worldwide) the only available data are post major irrigation 
development. However, by comparing the actual hydrographs from pre and post major 
irrigation developments in basins where long records exist has provided more insight into 
how irrigation has altered flow regimes, and has been a reminder of how important time 
constraints on hydrological data are in terms of accurately concluding how flows have 
changed over time. Despite this, there are consistent patterns in some of the flow metrics 
for both the long and short periods of record.  
 55
 
 
Table 2 - 9. Extended time series hydrographs, Payette River 
Time series A shows the discharge data for the past 90 years and the completion dates of two major upstream irrigation projects. Time series B shows the annual 
hydrographs prior to the completion of the upstream irrigation projects, and C the annual hydrographs from post major irrigation developments. 
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We find that there has been no significant change in the total amount of water moving 
through these systems over either the long or short periods of record. When considering 
the total percentage of each basin area under irrigation this is a reasonable result (Table 
3). Despite the dramatic alterations that have occurred in the other flow metrics, the 
actual quantity of water being consumed in these systems is fairly low in relation to the 
total size of the basins. This is likely due to irrigation return flows and seepage (Keny, 
2005). However, we do find a non-linear cyclical pattern across multiple basins (Table 5). 
This cyclical pattern found in the cumulative discharge values are consistent with those 
found by Arrigoni et al. (submitted to WRR), and are possibly related to natural climate 
variability. Whereas the other flow metrics analyzed here tend to experience abrupt step-
changes that correspond with the development of irrigation projects or alterations in the 
management of preexisting projects (Figures 3 - 9).  
 
The abrupt step-changes occur most frequently in relation to alterations in the timing of 
flows, and alterations in the annual minimum daily discharges (Figures 3, Table 5). For 
example, there are clear abrupt changes in the duration of the flood or high flow periods 
post major irrigation developments (Table 6, Figures 7 - 9) because of the management 
practices that store the snowmelt flood waters in spring and gradually release them 
throughout the irrigation season between April and October (US BOR, 2007; Bjorneberg 
et al., 2008). Whereas prior to the development of large irrigation infrastructure, the 
snowmelt flood flows would release through the system in a relatively consistent, rapid, 
manner as shown in the annual hydrographs from the early part of the 20
th
 century 
(Figure 7B - 9B).  
 
Overall, the range in annual daily discharge values has decreased causing more 
homogenous annual hydrographs (Figure 7C -9C). The increase in the minimum 
discharge is due to the release of stored snowmelt water into the rivers themselves, and 
into irrigation canals that cause the streamflow to stay relatively high through the summer 
and early fall until the irrigation water release is  turned off (Kendy, 2005). The decrease 
in the maximum annual discharge is due to the storage of the snowmelt runoff and the 
gradual release of water over an extended period of time as opposed to the natural pattern 
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where runoff would occurr as soon as the snow begins to melt (Marsh and Woo, 1985). 
This has occurred in both the long and short time periods of record. However, the longer 
period of record has revealed a more complex alteration of the extreme flows (Table 6). 
For example in the Flathead River basin the change in the minimum discharge over the 
past 100 years has been a 48% increase, whereas from 1950 to 2008 the results show an 
increase of 109%. This 60% difference occurs because the completion of the Hungry 
Horse dam and irrigation canals occurred in 1952 causing a very dramatic drop in flows 
in 1953 as the reservoir was being filled. Thus, the difference between 1950 and 2008 is 
much greater than the actual increase in minimum flows between pre and post major 
irrigation development.  
 
In the Boise River basin there has been an overall reduction in the minimum and 
maximum discharges since 1896. However, from 1950 to 2008 there was an increase in 
the minimum discharge and no change in the maximum discharge. The overall reduction 
in the extreme flows between the pre and post major irrigation development occurs 
because initial management of the system cut off all water into the Boise River during the 
summer and early fall when irrigation water is most needed (Figure 8) (US BOR Boise 
Project). However, in the 1970s a legislation that established instream flow as a 
beneficial use was implemented. This included the adoption of the Minimum Stream 
Flow Act to improve the aquatic ecosystem health. This resulted in adjusting 
management to release some of the water going into irrigation canals back into the river 
during the irrigation season as opposed to diverting all flow, resulting in the increase of 
the rivers minimum discharge from zero. Thus, we find that from 1950 to 2008 there has 
been a dramatic increase in the minimum discharge, however, since the development of 
major upstream irrigation projects the actual change in the minimum annual discharge 
has been a large reduction.  
 
Alterations in the timing of the quartiles of flow are much more apparent when looking at 
the hydrographs from pre and post development (Table 6, Figures 7 - 9). None of these 
basins had significant changes in the timing of flows between 1950 and 2008; however, 
they all show dramatic alterations in the timing between pre and post major irrigation 
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development. The actual direction and amount of change in the timing of flows is 
different in each basin, most likely due to unique management practices. However, in 
every case the duration of time between the 25
th
 and 75
th
 quartile has increased. This is a 
result of the storage and release of extreme flows causing a more homogenized annual 
hydrograph. Prior to major flow alterations the annual hydrographs in the Northern 
Rocky Mountain region consisted of a low flow period lasting for much of the year 
interrupted by a short very intense snowmelt flood. This resulted in the majority of water 
flowing through the systems between the months of April and July. Currently, the 
management of these systems has reduced the snowmelt flood so that water is released in 
a relatively consistent discharge for much of the year, extending the duration of time 
between the occurrences of the different quartiles of flow.  
 
Richter et al. (1997) and Poff and Ward (1989) relate the importance of different 
discharge amplitudes, timing, and frequency of flows to river ecosystems. Our results 
suggest that upstream irrigation development has dramatically altered these important 
characteristics of the annual flow regime by creating much more homogenous annual 
hydrographs. The alterations in the annual extreme flows have most often occurred in 
irregular step-changes, often corresponding to the completion dates of large irrigation 
dams and canal networks. Although our findings are consistent with findings by Poff et 
al. (2007) for the contiguous United States for large dams, we found that there are some 
important differences even within our own results due to variations in the time period 
being analyzed and the management strategies of each basin. It is important to be aware 
of how different purposes and management regimes may influence the potential 
restoration of these systems, as does being aware of the timing of major developments in 
relation to the time period of discharge and related data. 
 
Our findings implicate major irrigation projects as having detrimental effects on flow 
regimes, and thereby have impacted river ecosystems in the Northern Rocky Mountains 
(Voortman, 1998; Magilligan and Nislow, 2005; Poff et al., 2006, 2007). Specifically, 
alterations in the timing of flows can negatively affect fish spawning and migration times 
(Næsie et al., 1995). The homogenization of the annual hydrograph due to alterations in 
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the extreme flows and the variability of flows can impact habitat availability, species 
recruitment, and fluvial geomorphic processes and functions (Pizzuto, 2002; Allan, 2004; 
Poff et al., 2006). The changes to fluvial geomorphology in turn relate to ecosystem 
health by altering such things as habitat and food availability, water temperatures, and 
nutrient cycles (Allan et al., 1997; Poff et al., 2006; Arrigoni et al., 2008). Thus, the 
development of major irrigation projects during the 20
th
 century has potentially been 
highly detrimental to the natural function of river processes and ecosystem health in the 
Northern Rocky Mountains.  
 
5.Conclusions 
Recent analysis by Moore et al. (2007) and Arrigoni et al. (2010) has shown that many 
characteristics of natural flow regimes in rivers in the Northern Rocky Mountains have 
not significantly changed over the past 59 years, nor do they exhibit significant non-linear 
patterns in the year-to-year values over the period of record. Thus, if a flow metric time 
series from a basin with irrigation development has a best-fit model with a significant 
linear trend or non-linear pattern suggests an alteration has occurred in the flow regime.  
Under this assumption we found that irrigation development in the Northern Rocky 
Mountains has severely altered the extreme flows, the timing and duration of flows, and 
the variability of the annual hydrographs over the past one hundred years. In addition, the 
inter-annual variability of these flow metric values tends to be much higher now than 
prior to major irrigation development. The unique management of each basin has resulted 
in slightly different alterations in the extreme flows, in some cases the minimum 
discharge has increased and in others it has decreased. Whereas the duration of time 
between the 25
th
 and 75
th
 quartiles of flow has increased by as much as 100 days in all 
basins with discharge records from pre and post irrigation development. The total amount 
of water in these systems, however, has not significantly changed. We also find that by 
comparing our linear model results from the 1950 to 2008 time period with the extended 
time period results that the shorter period of record does not accurately represent the true 
extent of flow regime alterations, especially in regards to changes in the timing and 
duration of flows.  
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Overall surface water irrigation development in the Northern Rocky Mountains has 
significantly altered the flow regimes of rivers and streams. This has serious implications 
for the natural processes and ecology of these systems. Thus, as population increases our 
need for food, and thereby increases our need for irrigated agriculture, we need to make 
sure we consider the consequences of irrigation development on the natural flow regimes. 
In the future, resource managers may be able to adapt management techniques and 
strategies to reduce the impact of irrigation by reducing such things as the duration of the 
operating time for canals and ditches, or allowing for larger peak flows during the 
historical snowmelt flood period. Whatever the future management strategy for irrigation 
is, it should more strongly consider the consequences to the surface water flow regimes.  
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Appendix A: Matlab Code 
USGS_data.m 
% expects .xls file created directly from 
% unmodified USGS data. Save data as a .txt 
% file and then open it in excel. Save as a  
% .xls file. Cleans the data to  
% create a structure (Data) as well as a 
% Matrix (N) that contain the data in the 
% following order: 
% year, month, day of month, day of year, Q 
%  
% *****Day of the year begins 01 Jan. Data NEEDS to start 
% on 01 October and end on 30 September.*****  
% 
% Created by AB 02 July 2007 
  
clear; 
clc; 
  
[s, filterindex] = uigetfile('*.xls', 'Pick a File to Process'); 
file = s(1:end-4) ; 
  
[Discharge Date]=xlsread(file); 
str1='USGS'; 
str2=Date(:,1); 
C=strcmp(str1,str2); 
DateData=find(strcmp(str1,str2)==1); 
  
N=datevec(Date(DateData(1):end,3)); 
year=N(:,1); 
startyear= year(1); 
endyear=year(end); 
  
J=find(year==startyear);   %assigns # to first day of year(01 
Jan==day1) 
if mod(startyear,4)==0 
    k=366-length(J)+1:366; 
else 
    k=365-length(J)+1:365; 
end 
N(J,4)=k; 
  
while startyear < endyear 
startyear=startyear+1; 
  
J=find(year==startyear); 
k=1:length(J); 
N(J,4)=k; 
end 
N(:,5)=Discharge(:,3); 
  
Qdata=N; %[year, month, day of month, day of year, discharge] 
s=[file '=Qdata;']; 
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eval(s); 
save( file, file); 
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Water_yr_calc2.m 
 
% This file loads the .mat file created from USGS_data.m. and creates a 
new 
% "Data" matrix with columns of year, wtryr, month, day, wtday, and Q. 
% Save the "Data" matrix as a .txt file, which can then be run in the  
% leapyr.m script to pull out the leap year day and discharge 
%Data must start on the first of the water year (OCT 10, ....). 
  
clear all; 
clc; 
  
% load file and define fields 
[s, filterindex] = uigetfile('*.mat', 'Pick a file to analyze'); 
f=['load ' s(1:end-4)]; 
eval(f); 
file=s(1:end-4); 
  
%seperate out variables 
qrecord = eval(file) ; 
year = qrecord(:, 1) ; 
month=qrecord(:,2); 
day = qrecord(:, 3) ; 
dayyr = qrecord(:,4) ; 
Q = qrecord(:,5) ;  
  
% Calculate water year and day of water year (julian) 
startyear = find(month == 10 & day ==1); 
h=startyear(2)-startyear(1); 
k=1:1:h; 
wtrday=k ;      %Water day for first year 
wtryr=year; 
wtryr(1:startyear(2),1)=year(startyear(1))+1 ;    % First water year 
for i=3:1:length(startyear) 
    h=startyear(i)-startyear(i-1); 
    k=1:1:h; 
    y=k; 
    wtrday=[wtrday,y];     %Intermediate water days      
    wtryr(startyear(i-1):startyear(i),1)=year(startyear(i-1))+1 ;  
%Int. water yrs 
end 
h=length(month)-startyear(end)+1; 
k=1:1:h; 
y=k; 
wtrday=[wtrday, y];   %Water day for last year 
wtrday = wtrday';      %Final water day tally 
wtryr(startyear(end):end,1) = year(startyear(end))+1; %Final water year 
  
%Build final matrix with yr, wtryr, month, day, wtrday, pillow, prec, 
tmax, 
%tmin, tavg, and prcp for future use 
Data = [year, wtryr, month, day, wtrday, Q]; 
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Leapyr.m 
 
% This m file pulls the leap day out of the dataset.It outputs a Data 
matrix which has 
% three columns, Water year, Water Day, and Discharge. Save the Data 
matrix as a .txt file 
% to be used in the flow metric scripts: amjj_cum_equal.m, 
coef_variation.m, flashiness.m, 
% max_min_normalized_Q.m, and Quantiles_equal.m. 
  
clear all; 
clc; 
  
load sfboise_lp.txt 
qrecord = sfboise_lp; 
%seperate out variables 
  
year = qrecord(:, 1) ; 
wtryr = qrecord(:, 2) ; 
month=qrecord(:,3); 
day = qrecord(:, 4) ; 
wtrday = qrecord(:,5) ; 
Qd = qrecord(:, 6) ; 
  
Q=[]; 
wtrdy=[]; 
wtry=[]; 
  
time = 0; 
  
for y = min(wtryr) : max(wtryr) 
    if max(day(find(year == y & month == 2))) == 29; 
         
        Qd(find(year== y & month == 2 & (day ==29-time)))=[]; 
        wtryr(find(year== y & month == 2 & (day ==29-time))) = []; 
        wtrday(find(year== y & month == 9 & (day ==30-time))) = []; 
         
        time = time + 1; 
    end 
end 
wtrdy=[wtrday]; 
wtry=[wtryr]; 
Q=[Qd]; 
  
Data =[wtry, wtrdy, Q]; 
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AMJJ_cum_equal.m 
 
%April, May June, July fractional stream flow calculations and 
cummulative 
%yearly discharge calculations. Need to upload combined dataset that 
contains 
% the gauge ID, water year, julian day, and Q, with no leap days. 
%The output is a matrix with columns, gaugeID, Year, amjj fractional 
stream flow  
% (a percent of the total yearly flow), and the cummulative yearly 
% discharge. 
  
clear; 
clc; 
  
load IDdata_equal.txt 
  
qrecord = IDdata_equal; 
  
norm = qrecord(:,1); 
gaugeID = qrecord(:,2); 
bID = qrecord(:,3); 
year = qrecord(:, 4) ; 
day = qrecord(:,5) ; 
Q = qrecord(:,6) ; 
  
cum2=[]; 
fsf2=[]; 
yr2 = []; 
id2 = []; 
  
for g = min(gaugeID) : max(gaugeID) 
    y = year(find(gaugeID ==g)); 
    endyear = year(end); 
    for yr = min(y): max(y) 
     Qid = Q(find(gaugeID == g & year == yr)); 
     wtdyID = day(find(gaugeID == g & year ==yr)); 
                        
          amjj=Qid(182:304); 
          amjj_sum = nansum(amjj); 
          cum = nansum(Qid); 
          fsf = ((amjj_sum/cum)*100); 
          T = isnan(fsf); 
        if T == 1 ;     
                                                  
        else   
          fsf2 = [fsf2, fsf]; 
          cum2 = [cum2, cum];   
           
          id = g; 
          id2 = [id2,id]; 
          yrid = yr; 
          yr2 = [yr2, yrid]; 
        end 
 69
 
    end 
end 
     
year_stats =[id2',yr2',fsf2',cum2']; 
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Coef_variation.m 
 
% Code calculating the average annual coefficient of variation in daily 
flow values 
%This is the standard deviation of annual daily Qs divided by the 
annual 
%daily mean Q. Needs a text file containing the gauge id, water year, 
%julian day, and Q. The output is a matrix of gauge id, year, coef_var. 
  
clear; 
clc; 
  
load IDdata_equal.txt 
  
qrecord = IDdata_equal; 
  
norm = qrecord(:,1); 
gaugeID = qrecord(:,2); 
bID = qrecord(:,3); 
year = qrecord(:, 4) ; 
day = qrecord(:,5) ; 
Q = qrecord(:,6) ; 
  
coef_vara=[]; 
yr2 = []; 
id2 = []; 
  
for g = min(gaugeID) : max(gaugeID) 
    y = year(find(gaugeID ==g)); 
    endyear = year(end); 
    for yr = min(y): max(y) 
        Qid = Q(find(gaugeID == g & year == yr)); 
        wtdyID = day(find(gaugeID == g & year ==yr)); 
         
        sdQ = nanstd(Qid); 
        mnQ = nanmean(Qid); 
        coef_var = (sdQ/mnQ); 
        T = isnan(mnQ); 
        if T == 1 ;     
                                                  
        else   
                 
        id = g; 
        id2 = [id2,id]; 
        yrid = yr; 
        yr2 = [yr2, yrid];   
         
        coef_vara =[coef_vara, coef_var]; 
          
        end    
             
    end 
 end 
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year_stats =[id2',yr2',coef_vara' 
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Max_min.m 
%Code that calculates the 1 day maximum and minimum daily flow for each 
year for all gauges. Need to load a text file that 
%contains the gauge id, water year, julian day, and discharge. The 
output 
%is a matrix of gauge id, water year, first day of max flow, Q of max 
flow, first day of min flow, min Q. 
clear; 
clc; 
  
load IDdata_equal.txt 
  
qrecord = IDdata_equal; 
  
norm = qrecord(:,1); 
gaugeID = qrecord(:,2); 
bID = qrecord(:,3); 
year = qrecord(:, 4) ; 
day = qrecord(:,5) ; 
Q = qrecord(:,6) ; 
  
maxQa=[]; 
maxdya =[]; 
minQa = []; 
%mindya = []; 
yr2 = []; 
id2 = []; 
  
for g = min(gaugeID) : max(gaugeID) 
    y = year(find(gaugeID ==g)); 
    endyear = year(end); 
    for yr = min(y): max(y) 
        Qid = Q(find(gaugeID == g & year == yr)); 
        wtdyID = day(find(gaugeID == g & year ==yr)); 
         
        maxQ = nanmax(Qid); 
        minQ = nanmin(Qid); 
        T = isnan(maxQ); 
        if T == 1 ;     
                                                  
        else   
        maxdy = wtdyID(find(Qid ==maxQ)); 
        maxdy = min(maxdy); 
%         mindy = wtdyID(find(Qid==minQ)); 
%         mindy = min(mindy); 
         
        maxQa = [maxQa, maxQ];  
        maxdya = [maxdya, maxdy]; 
        minQa = [minQa, minQ]; 
%         mindya = [mindya, mindy]; 
         
        id = g; 
        id2 = [id2,id]; 
        yrid = yr; 
        yr2 = [yr2, yrid]; 
 73
 
  
           
          
            end    
             
    end 
 end 
  
year_stats =[id2',yr2',maxdya',maxQa',minQa']; 
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Quantiles_equal.m 
% Calculates the 25, 50, and 75 quantiles for each gauge for each year. 
%Just need to load a text data file that has the gauge ID, water year,  
%Julian day, and Q for all gauges.(no leap days) 
  
  
clear; 
clc; 
  
load IDdata_equal.txt 
  
qrecord = IDdata_equal; 
  
norm = qrecord(:,1); 
gaugeID = qrecord(:,2); 
bID = qrecord(:,3); 
year = qrecord(:, 4) ; 
day = qrecord(:,5) ; 
Q = qrecord(:,6) ; 
  
q25a=[]; 
p25a=[]; 
q50a=[]; 
p50a=[]; 
q75a=[]; 
p75a=[]; 
yr2 = []; 
id2 = []; 
  
for g = min(gaugeID) : max(gaugeID) 
    y = year(find(gaugeID ==g)); 
    endyear = year(end); 
    for yr = min(y): max(y) 
        Qid = Q(find(gaugeID == g & year == yr)); 
        wtdyID = day(find(gaugeID == g & year ==yr)); 
         
        cum = nancumsum(Qid,[],2); 
        len_cum = 1:length(cum); 
        mxr = max(cum); 
        runquant = (cum./mxr)*100; 
        quantvec = runquant; 
        T = isnan(mxr) ; 
            if T == 1 ;     
                                                  
            else   
          
                p25 = find(runquant < 26); 
                p25 = max(p25); 
                p25 = len_cum(p25); 
                q25 = cum(p25); 
                q25a = [q25a, q25];  
                p25a = [p25a, p25]; 
                 
                p50 = find(runquant < 51); 
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                p50 = max(p50); 
                p50 = len_cum(p50); 
                q50 = cum(p50); 
                q50a = [q50a, q50];  
                p50a = [p50a, p50]; 
                 
                p75 = find(runquant < 76); 
                p75 = max(p75); 
                p75 = len_cum(p75); 
                q75 = cum(p75); 
                q75a = [q75a, q75];  
                p75a = [p75a, p75]; 
  
              id = g; 
              id2 = [id2,id]; 
              yrid = yr; 
              yr2 = [yr2, yrid]; 
  
           
          end 
           
             
    end 
 end 
  
year_stats =[id2',yr2',p25a',q25a',p50a',q50a',p75a',q75a']; 
  
  
 
 76
 
Cum_normalized.m 
%Normalize the discharge values by taking the average Q metric over all 
%years for each gauge and then calculating what percent of the mean Q 
is 
%each yearly Q metric value. Need to input a text file that has a 
column 
%gauge id, year, Q metric.  
  
clear; 
clc; 
  
load amjj_cumQ_id.txt 
  
qrecord = amjj_cumQ_id; 
  
ID = qrecord(:,1); 
yr = qrecord(:,2) ; 
amjj = qrecord(:,3) ; 
cummQ = qrecord(:,4) ; 
  
cumQ1=[]; 
amjj1=[]; 
yr2 = []; 
id2 = []; 
  
for g = min(ID) : max(ID) 
    y = yr(find(ID ==g)); 
    cumQ2 = cummQ(find(ID == g)); 
            
    mncumQ = nanmean(cumQ2); 
       
for year = min(y): max(y); 
    cumQ = cummQ(find(ID == g & yr == year)); 
      
    nmcum = (cumQ/mncumQ)*100; 
        
    cumQ1 = [cumQ1, nmcum]; 
         
    id = g; 
    id2 = [id2,id]; 
     
    yrid = year; 
    yr2 = [yr2, yrid];   
     
    amjj2 = amjj(find(ID == g & yr == year)); 
    amjj1=[amjj1,amjj2]; 
  
     
end 
end 
             
year_stats =[id2',yr2',amjj1',cumQ1']; 
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Max_min_normalize_Q.m 
%Normalize the discharge values by taking the average Q metric over all 
%years for each gauge and then calculating what percent of the mean Q 
is 
%each yearly Q metric value. Need to input a text file that has a 
column 
%gauge id, year, Q metric.  
  
clear; 
clc; 
  
load max_minQ_id.txt 
  
qrecord = max_minQ_id; 
  
ID = qrecord(:,1); 
yr = qrecord(:,2) ; 
dymax = qrecord(:,3) ; 
mxQ = qrecord(:,4) ; 
mnQ = qrecord(:,5) ; 
  
  
Qmax1=[]; 
Qmin1=[]; 
dymax1=[]; 
yr2 = []; 
id2 = []; 
  
for g = min(ID) : max(ID) 
    y = yr(find(ID ==g)); 
    mxQ1 = mxQ(find(ID == g)); 
    mnQ1 = mnQ(find(ID == g)); 
        
    mnmax = nanmean(mxQ1); 
    mnmin = nanmean(mnQ1); 
       
for year = min(y): max(y); 
    maxQ = mxQ(find(ID == g & yr == year)); 
    minQ = mnQ(find(ID == g & yr == year)); 
     
    nmmx = (maxQ/mnmax)*100; 
    nmmn = (minQ/mnmin)*100; 
       
    Qmax1 = [Qmax1, nmmx]; 
    Qmin1 = [Qmin1, nmmn]; 
      
    id = g; 
    id2 = [id2,id]; 
     
    yrid = year; 
    yr2 = [yr2, yrid];   
     
    dymx = dymax(find(ID == g & yr == year)); 
    dymax1=[dymax1,dymx]; 
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end 
end 
             
year_stats =[id2',yr2',dymax1',Qmax1',Qmin1']; 
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Normalize_Q.m 
%Normalize the discharge values by taking the average Q metric over all 
%years for each gauge and then calculating what percent of the mean Q 
is 
%each yearly Q metric value. Need to input a text file that has a 
column 
%gauge id, year, Q metric.  
  
clear; 
clc; 
  
load quartiles_id.txt 
  
qrecord = quartiles_id; 
  
ID = qrecord(:,1); 
yr = qrecord(:,2) ; 
dyq25 = qrecord(:,3) ; 
Qq25 = qrecord(:,4) ; 
dyq50 = qrecord(:,5) ; 
Qq50 = qrecord(:,6) ; 
dyq75 = qrecord(:,7) ; 
Qq75 = qrecord(:,8) ; 
  
Qq251=[]; 
Qq501=[]; 
Qq751=[]; 
dyq251=[]; 
dyq501=[]; 
dyq751=[]; 
yr2 = []; 
id2 = []; 
  
for g = min(ID) : max(ID) 
    y = yr(find(ID ==g)); 
    q25Q = Qq25(find(ID == g)); 
    q50Q = Qq50(find(ID == g)); 
    q75Q = Qq75(find(ID == g)); 
     
    mnq25Q = nanmean(q25Q); 
    mnq50Q = nanmean(q50Q); 
    mnq75Q = nanmean(q75Q); 
     
for year = min(y): max(y); 
    q25Q = Qq25(find(ID == g & yr == year)); 
    q50Q = Qq50(find(ID == g & yr == year)); 
    q75Q = Qq75(find(ID == g & yr == year)); 
     
    nmq25Q = (q25Q/mnq25Q)*100; 
    nmq50Q = (q50Q/mnq50Q)*100; 
    nmq75Q = (q75Q/mnq75Q)*100; 
     
    Qq251 = [Qq251, nmq25Q]; 
    Qq501 = [Qq501, nmq50Q]; 
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    Qq751 = [Qq751, nmq75Q]; 
     
    id = g; 
    id2 = [id2,id]; 
     
    yrid = year; 
    yr2 = [yr2, yrid];   
     
    dy251 = dyq25(find(ID == g & yr == year)); 
    dy501 = dyq50(find(ID == g & yr == year)); 
    dy751 = dyq75(find(ID == g & yr == year)); 
     
    dyq251=[dyq251,dy251]; 
    dyq501=[dyq501,dy501]; 
    dyq751=[dyq751,dy751]; 
     
end 
end 
             
year_stats =[id2',yr2',dyq251',Qq251',dyq501',Qq501', dyq751', Qq751']; 
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Plot_linear_reg.m 
% Simmple linear regression model with t-test, p-value = 05 (95% 
% confidence). The linear model is using a RMSE method for calculating 
the 
% model equation. 
%Input a text file containing the gaugeID, year, and flow metric 
%Output is a 27 x 11 matrix of the results for the linear regression 
analysis of 
% each gauge flow metric results. The statistical outputs are the model  
% coefficients (beta)slope and y-intercept, root mean square error 
(mse), 
%the R^2 value (rsquare, standard error (st_er), t-statistic for test 
of 
%significances (t_stat), and the p_value (_val). A seperate matrix is 
%created called residual, which is a 1593 x 3 matrix and contains the 
gaugeID,  
%years, and residual values for each individual year for all gauges. 
This is used to analyze 
%for constant or non-constant variability. Finally a graph of the flow 
%metric values for each gauge is plotted. 
  
clear; 
clc; 
  
load amjj_cumQ_norm_mt.txt 
qrecord = amjj_cumQ_norm_mt; 
  
gaugeID = qrecord(:,1); 
year = qrecord(:, 2); 
dy50 = qrecord(:,3); 
  
  
beta2 = [];      
mse2 = []; 
rsquare2 = []; 
r2 = []; 
st_er2 = []; 
t_stat2 = []; 
p_val2 = []; 
id2 = []; 
  
for g = min(gaugeID) : max(gaugeID) 
    y = year(find(gaugeID == g)); 
    fyr = dy50(find(gaugeID == g)); 
     
     
     
           whichstats = {'mse','rsquare','tstat','r'}; 
           stats = regstats(fyr,y,'linear',whichstats); 
           mse = stats.mse; 
           rsquare = stats.rsquare; 
           r = stats.r; 
           tstat = stats.tstat; 
                 b = tstat.beta; 
                 st_er = tstat.se; 
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                 t_stat = tstat.t; 
                 p_val = tstat.pval; 
             
         
  
        beta2 = [beta2, b];        
        mse2 = [mse2, mse]; 
        rsquare2 = [rsquare2, rsquare]; 
        r2 = [r2, r']; 
        st_er2 = [st_er2, st_er]; 
        t_stat2 = [t_stat2, t_stat]; 
        p_val2 = [p_val2, p_val]; 
        id = g; 
        id2 = [id2,id]; 
         
           
      i = input('return = foward; b = back; q = quit ', 's') ; 
    
      if isempty(i)  
            
        figure(1) 
            plot(y, fyr); 
            axis([1950 2009 0 90]);  
%             xlabel('water year') ; 
%             ylabel('AMJJ Fractional (%)') ; 
            title(['Gauge ID',num2str(g)]) ; 
                 
                 elseif i == 'q' 
             
            break ;  
                    
    end 
 end 
  
year_stats =[id2',beta2',mse2',rsquare2',st_er2',t_stat2',p_val2']; 
residual = [gaugeID, year, r2']; 
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Residual_lin_regress.m 
 
% Simmple linear regression model with t-test, p-value = 10 
%Input a text file containing the gaugeID, year, and flow metric 
%Output is.. 
  
clear; 
clc; 
  
load Q75q_res_id.txt 
  
qrecord = Q75q_res_id; 
  
gaugeID = qrecord(:,1) ; 
year = qrecord(:,2) ; 
res = qrecord(:,3); 
  
beta2 = [];      
mse2 = []; 
rsquare2 = []; 
st_er2 = []; 
t_stat2 = []; 
p_val2 = []; 
id2 = []; 
  
for g = min(gaugeID) : max(gaugeID) 
    y = year(find(gaugeID == g)); 
    resyr = res(find(gaugeID == g)); 
    resyr = (resyr.^2);     
            whichstats = {'mse','rsquare','tstat'}; 
            stats = regstats(resyr,y,'linear',whichstats); 
            mse = stats.mse; 
            rsquare = stats.rsquare; 
            tstat = stats.tstat; 
                 b = tstat.beta; 
                 st_er = tstat.se; 
                 t_stat = tstat.t; 
                 p_val = tstat.pval; 
             
         
  
        beta2 = [beta2, b];        
        mse2 = [mse2, mse]; 
        rsquare2 = [rsquare2, rsquare]; 
        st_er2 = [st_er2, st_er]; 
        t_stat2 = [t_stat2, t_stat]; 
        p_val2 = [p_val2, p_val]; 
         
        id = g; 
        id2 = [id2,id];      
         
%         i = input('return = foward; b = back; q = quit ', 's') ; 
%      
%       if isempty(i)  
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%             
%         figure(1) 
%             plot(y, resyr); 
%             %axis([0 400 0 500]);  
%             xlabel('water year') ; 
%             ylabel('residuals^2') ; 
%             title(['Gauge ID',num2str(g)]) ; 
%                  
%                  elseif i == 'q' 
%              
%             break ;  
                    
%     end 
     
 end 
  
year_stats =[id2',beta2',mse2',rsquare2',st_er2',t_stat2',p_val2']; 
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 1 
Subtract_natural.m 2 
 3 
% This code subtracts the natural flow metric gauge values from the 4 
% modified gauge values. Need to specify the individual gauges for the 5 
% analysis. Should only subtract two gauges that are located in the same 6 
% basin. Load a flow metric .txt file with columns gaugeID, yeater, and 7 
% flow metric/s. Out put is a matrix of the modified gaugeID, year and the 8 
% residual value from the modified flow metric values minus the natural 9 
% gauge flow metric values. 10 
  11 
clear; 12 
clc; 13 
  14 
load max_minQ_norm_id.txt 15 
  16 
qrecord = max_minQ_norm_id; 17 
  18 
gaugeID = qrecord(:,1); 19 
year = qrecord(:, 2); 20 
metric = qrecord(:,5); 21 
  22 
res2=[]; 23 
yr2 = []; 24 
  25 
y = year(find(gaugeID == 28)); 26 
metnat = metric(find(gaugeID == 48)); 27 
metmod = metric(find(gaugeID == 45)); 28 
  29 
res = (metmod-metnat); 30 
  31 
mn = min(res); 32 
mx = max(res); 33 
  34 
res2 =[res2, res]; 35 
yr2 = [yr2, y]; 36 
  37 
year_stats =[yr2,res2];38 
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Appendix B: R code 
GAM_analysis.R 
 
# R code to fit GAM non-linear analysis to time-series of each flow 
metric data. The .txt file 
# is changed based on which flow metric you want to analyze. The graph 
plots the smooth function 
# which is the non-linear model of the real time-series data, dashed 
lines are the 95% confidence 
# intervals that include the uncertainty about the overall mean. 
 
flowdata <- read.table("amjj_cumQ_25.txt", header = TRUE) 
 
gauge <- flowdata[flowdata$gaugeID == 25,] 
 
model1 <- gam(amjj~s(year,k=10,bs=”cr”), data=gauge) 
 
summary.gam(model1, signif.stars = getOption("show.signif.stars"),) 
 
plot.gam(model1, main = "Gauge 25 AMJJ", seWithMean = TRUE
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Appendix C: Gauge Inventory 1 
1 = 
natural 
2 
=modified         * Not used in final analysis due to missing data 
Natural 
or 
Modified 
Gauge 
ID 
Basin 
ID 
Station # Station Name 
Start 
Date 
End 
Date 
Longitude Latitude 
Drainage 
Area (km
2
) 
Gauge 
Elevation 
(m) 
   
Montana 
       
   
S Mary  
       1 1 1 05014500 Swiftcurrent Creek at Many Glacier MT 1912 2008 -113.66 48.80 80.0 1486 
1 2 1 05017500 ST Mary River near Babb MT 1901 2008 -113.42 48.83 714.8 1362 
Beaverhead 
2 4 2 06018500 Beaverhead River near Twin Bridges MT 1935 2008 -112.45 45.38 9373.2 1466 
1 5 2 06019500 Ruby River ab Reservoir nr Alder MT 1938 2008 -112.14 45.19 1393.4 1646 
2 6 2 06025500 Big Hole River near Melrose MT 1923 2008 -112.70 45.53 6412.8 1534 
Madison 
1 9 3 06037500 Madison River near West Yellowstone MT 1913 2008 -111.07 44.66 1087.8 2027 
2 10 3 06038500 Madison River bl Hebgen Lake nr Grayling MT 1938 2008 -111.34 44.87 2344.0 1965 
2 11 3 06041000 Madison River bl Ennis Lake nr Mcallister MT 1938 2008 -111.63 45.49 5661.7 1429 
Gallatin 
2 12 4 06052500 Gallatin River at Logan MT 1893 2008 -111.44 45.89 4649.1 1245 
2 13 4 06043500 Gallatin River near Gallatin Gateway MT 1889 2008 -111.27 45.50 2136.8 1575 
Missouri 
2 14 5 06054500 Missouri River at Toston MT 1890 2008 -111.42 46.15 37992.7 1190 
Yellowstone 
2 15 6 06191500 Yellowstone River at Corwin Springs MT 1889 2008 -110.79 45.11 6793.6 1548 
2 16 6 06192500 Yellowstone River near Livingston MT 1898 2008 -110.57 45.60 9197.1 1384 
2 17 6 06205000 Stillwater River near Absarokee MT 1909 2008 -109.39 45.55 2525.3 1180 
2 18 6 06207500 Clarks Fork Yellowstone River nr Belfry MT 1921 2008 -109.07 45.01 2988.9 1215 
Clark Fork 
1 19 7 12332000 Middle Fork Rock Cr nr Philipsburg MT 1937 2008 -113.50 46.19 318.6 1659 
1 20 7 12330000 Boulder Creek at Maxville MT 1939 2008 -113.23 46.47 184.7 1448 
1 21 7 12335500 Nevada Cr ab Reservoir nr Finn MT 1939 2008 -112.77 46.78 300.4 1414 
2 22 7 12354500 Clark Fork at St. Regis MT 1910 2008 -115.09 47.30 27736.3 792 
Flathead 
1 23 8 12355500 N F Flathead River nr Columbia Falls MT 1910 2008 -114.13 48.50 4009.3 959 
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2 24 8 12363000 Flathead River at Columbia Falls MT 1922 2008 -114.18 48.36 11561.8 907 
2 25 8 12362500 S F Flathead River nr Columbia Falls MT 1911 2008 -114.04 48.36 4307.2 927 
1 26 8 12370000 Swan River near Bigfork MT 1922 2008 -113.98 48.02 1737.9 933 
2 27 8 12372000 Flathead River near Polson MT 1907 2008 -114.25 47.68 18378.6 821 
Idaho 
Kootenai 
2 28 9 12305000 KOOTENAI RIVER AT LEONIA ID 1928 2008 -116.05 48.62 256.4 546 
1 29 9 12321500 BOUNDARY CREEK NR PORTHILL ID 1928 2008 -116.57 49.00 251.2 539 
Priest 
2 30 10 12395000 PRIEST RIVER NR PRIEST RIVER ID 1903 2008 -116.92 48.21 2336.2 637 
Coeur D'Alene 
1 31 11 12411000 
NF COEUR D ALENE R AB SHOSHONE CK NR 
PRICHARD ID 1950 2008 -115.98 47.71 867.7 757 
1 32 11 12414500 ST JOE RIVER AT CALDER ID 1911 2008 -116.19 47.27 2667.7 662 
2 33 11 12419000 SPOKANE RIVER NR POST FALLS ID 1913 2008 -116.98 47.70 9945.6 625 
Upper Snake 
2 34 12 13039500 HENRYS FORK NR LAKE ID 1920 2008 -111.35 44.59 257.2 1962 
2 35 12 13042500 HENRYS FORK NR ISLAND PARK ID 1933 2008 -111.40 44.42 1245.8 1897 
Middle Snake 
2 36 13 13142500 
BIG WOOD RIVER BL MAGIC DAM NR 
RICHFIELD ID 1911 2008 -114.36 43.25 4144.0 1421 
2 37 13 13139500 BIG WOOD RIVER AT HAILEY ID 1915 2008 -114.32 43.52 1657.6 1614 
2 38 13 13152500 MALAD RIVER NR GOODING ID 1916 2008 -114.80 42.89 7744.1 1019 
2 39 13 13141500 CAMAS CREEK NR BLAINE ID 1912 2008 -114.54 43.33 1678.3 1484 
2 40 13 13148500 LITTLE WOOD RIVER NR CAREY ID 1925 2008 -114.00 43.39 808.1 1521 
Boise 
1 41 14 13185000 BOISE RIVER NR TWIN SPRINGS ID 1911 2008 -115.73 43.66 2149.7 992 
2 42 14 13190500 
SF BOISE RIVER AT ANDERSON RANCH DAM 
ID 1943 2008 -115.48 43.34 2543.4 1167 
1 43 14 13186000 SF BOISE RIVER NR FEATHERVILLE ID 1945 2008 -115.31 43.49 1644.7 1286 
2 44 14 13202000 BOISE RIVER NR BOISE ID 1895 2008 -116.06 43.52 6941.2 862 
Payette 
2 45 15 13236500 
DEADWOOD RIVER BL DEADWOOD RES NR 
LOWMAN ID 1926 2008 -115.64 44.29 290.1 1579 
1 46 15 13235000 SF PAYETTE RIVER AT LOWMAN ID 1941 2008 -115.62 44.09 1181.0 1155 
2 47 15 13247500 PAYETTE RIVER NR HORSESHOE BEND ID 1906 2008 -116.20 43.94 5775.7 800 
1 48 15 13240000 
LAKE FORK PAYETTE RIVER AB JUMBO CR NR 
MCCALL ID 1945 2008 -116.00 44.91 126.7 1567 
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Lower Snake 
2 49 16 13269000 SNAKE RIVER AT WEISER ID 1910 2008 -116.98 44.25 179228.0 636 
Salmon 
2 51 17 13302500 SALMON RIVER AT SALMON ID 1912 2008 -113.89 45.18 9738.4 1192 
1 52 17 13313000 JOHNSON CREEK AT YELLOW PINE ID 1928 2008 -115.50 44.96 551.7 1419 
2 53 17 13317000 SALMON RIVER AT WHITE BIRD ID 1910 2008 -116.32 45.75 35094.5 430 
Clearwater 
1 54 18 13336500 SELWAY RIVER NR LOWELL ID 1911 2008 -115.51 46.09 4946.9 469 
1 55 18 13337000 LOCHSA RIVER NR LOWELL ID 1910 2008 -115.59 46.15 3056.2 443 
2 56 18 13342500 CLEARWATER RIVER AT SPALDING ID 1910 2008 -116.83 46.45 24786.3 235 
 2 
